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The urbanization and increasing demand of transport vehicles have significant 
contribution in the emissions of carbon monoxide (CO) which is detrimental to humans, 
animals and environment. Hence, the conversion of CO either by oxidation or 
hydrogenation has gained attention in recent years. CO oxidation reaction plays an 
important role in air purification and vehicle exhaust treatment. CO oxidation also 
serves as a model reaction for basic studies of more complicated reactions such as 
methanol synthesis, water gas shift reaction or Fischer-Tropsch Synthesis (FTS). CO 
hydrogenation or syngas conversion via FTS process was first studied in the early 20th 
century. Natural gas, biomass, coal and organic wastes are the sources to obtain syngas 
mixture. The FTS process generates value-added products with wide range of olefins, 
paraffins and oxygenates. Four types of active metals including ruthenium, nickel, iron 
and cobalt are mostly reported for the FTS process in the literature. Among these 
catalysts, iron and cobalt based catalysts are promising and utilized on the industrial 
scale. 
In this research work, the copper and cobalt based catalysts were developed with a focus 
on their utilization for CO oxidation and hydrogenation/reduction via the FTS process. 
The novel hexameric copper nanoclusters were successfully synthesized and anchored 
over titanium dioxide (TiO2-P25). The as-synthesized catalysts (with Cu contents 
varied between 0.15 and 5 wt%) were tested for CO oxidation reaction to find the size-
activity threshold. The turnover number results for 8 h time-on-stream revealed that the 
copper contents up to 0.30 wt% resulted in size-activity threshold above which catalysts 
showed deactivation due to sintering. The higher dispersion and copper surface area 
along with strong metal-support interaction were among the factors of the stable 
performance of lower copper loading (0.15 and 0.30 wt%) catalysts.  
The oxide support offers unique features to the catalyst including surface area, porosity, 
and metal dispersion and these parameters later play their role in the catalytic activity. 
Hence, the next phase was focused on the preparation of titanium dioxide 
nanotubes/nanorods. The synthesis parameters such as hydrothermal treatment duration 
(24-72 h) and temperature (130-150℃) were optimized to achieve nanostructures of 
wide aspect ratio. The hydrothermal temperature of 150℃ for 44 h duration were 
chosen as optimum operating conditions. The effect of calcination temperature between 
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400 and 800℃ showed that mixture of nanotubes and nanoparticles were obtained at 
calcination temperature of 400 and 600℃ while calcination temperature of 800℃ 
produced uniform titania nanorods (TNRs).  
In order to demonstrate the role of the catalytically active interfaces between copper 
and TNRs in CO oxidation reaction, the next phase was planned to anchor copper 
nanoparticles over TNRs synthesized in the last phase. Copper contents varied from 2.5 
to 12.5 wt% showed an optimum of 7.5 wt% and the catalytic activity was assigned to 
the formation of suitable interface between copper and TNRs and presence of copper 
in the form of layers over the surface of TNRs. The effect of various oxide supports 
including TiO2-P25, silica and alumina revealed that TNR supported Cu catalyst had 
higher rate of reaction as compared with the other oxide supports.  
Syngas conversion into hydrocarbons via FTS process is reported to utilize cobalt based 
catalysts which are prone to deactivation. Hence, the addition of small fractions of 
second metal as promoter and/or to form synergistic bimetallic catalyst influences the 
catalytic performance and product selectivity. Therefore, the final phase of this project 
presented the role of base and Cu promoted Co/TNRs catalysts for hydrocarbons 
production via FTS. The optimum metal loading of 7.5 wt%, found in the last phase, 
was chosen as basis to synthesize catalysts. The amount of Cu promoter was varied 
from 1.5 to 6 wt% and the testing of as-synthesized catalysts for the FTS process 
showed that Cu promotion in smaller fraction (1.5 wt%) presented improved 
reducibility and CO and H2 adsorption capacities which boosted CO conversion 
(16.8%) of this catalyst in comparison with base catalyst (9.4%). The increase in 
reaction temperature over the best catalyst from 240 to 300℃ revealed enhanced CO 
conversion (25%) but methane and CO2 selectivity was also found to be increased in 
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Chapter 1 Introduction 
1.1 The environmental impact of carbon monoxide 
The urbanization, over a period of time, have increased the amounts of toxic gases being 
released into the atmosphere mainly due to enhanced number of vehicles in the recent 
years. The number of cars being manufactured has recently touched 70 million in 2016 
(from 50 million in 2011) and over a billion motor vehicles are globally on road [1, 2]. 
The fossil fuel consumption in motorized vehicles releases tons of exhaust gases which 
are detrimental from environmental viewpoint. The exhaust gas contains primarily 
oxides of carbon and nitrogen including carbon monoxide (CO), nitrogen oxides (NOx) 
and unburned hydrocarbons (HCs) [3]. The main source of CO in urban areas is the 
vehicle exhaust which contributes to over half of anthropogenic emissions [4]. The 
statistical data of anthropogenic emissions in US is given in Figure 1.1. The bar chart 
shows the contribution of various sectors in gas emissions. The industrialization and 
power plants have had significant impact on the environmental pollution. The high 
emissions of CO, emitted from different sources, are alarming for both humans and 
animals [5]. CO also negatively influences vegetation by interfering with nitrogen 
fixation and plant respiration. CO has an indirect impact on global warming and ozone 
depletion. Insolubility of CO in water also hinders its elimination from air. In 
conclusion, CO levels are one of the measures to assess the air quality of a region.  
 
 
Figure 1.1. Anthropogenic emissions in the US by source category, 1990-2011 [6] 
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It is interesting to note the regulations have been implemented over the years to control 
the emissions and the emission standards applied in US are given in Table 1.1. 





Emissions limit at 
80,500 km CO (mg/km) 
Emissions limit at 
161,000 km CO 
(mg/km) 
Federal emission standards 
Tier 0 1987 2112 - 
Tier 1 1994-1999 212 2600 
NLEV 1999-2004 2112 2600 
Tier 2/ Bin 9 2004-2010 2112 2174 
Tier 3 2017-2025 870 1740 
California emission standards 





LEV 2112 2600 





ULEV 1056 1100 





ULEV 125 870 
ULEV 70 704 
ULEV 50 704 
SULEV 30 414 
SULEV 20 414 
NLEV: national low emission vehicles; TLEV: transitional low emission vehicles; LEV: low emission 
vehicles; ULEV: ultra-low emission vehicles; SULEV: super ultra-low emission vehicles. 
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Keeping in mind the impact of CO emissions on the daily life and environment, the 
necessary steps are required to be taken to minimize this detrimental impact of CO. The 
statistical data presented in Figure 1.1 demands developing the innovative ways to cope 
with this issue. Oxidation and hydrogenation of CO are some of the ways to utilizing 
CO to generate environmentally friendly products. 
1.2 The research motivation and objectives 
Despite the control measures, ever increasing number of on-road vehicles and use of 
fossil fuels still contributes significantly in increasing CO emissions in the air. The CO 
treatment or removal is essential for both humans and vegetation and this can be 
achieved by various ways such as CO methanation, adsorption or oxidation. CO 
oxidation is one of the effective ways of CO removal and many studies have been 




𝑂2 → 𝐶𝑂2    ∆𝐻298
0 = −293 𝑘𝐽/𝑚𝑜𝑙           (1.1) 
Numerous catalysts including noble metal and non-noble metal based have been 
reported for CO oxidation reaction. Palladium (Pd), platinum (Pt), and rhodium (Rh) 
are among the noble metals that have been extensively investigated and more recently 
gold (Au) and silver (Ag) are also part of the study in the form of nanoparticles or 
nanoclusters [8-11]. The transition metals including cobalt (Co), copper (Cu), and iron 
(Fe) have been presented as a cheap alternative to expensive noble metals with 
comparable activities for CO oxidation [12-14]. In addition to metal, the oxide support 
also plays a vital role during CO oxidation reaction. The metal-support interaction and 
interface are important parameters influencing the catalytic performance. Various oxide 
supports including alumina (Al2O3), silica (SiO2), ceria (CeO2), zirconia (ZrO2) and 
titania (TiO2) have been studied for this reaction [15-17].  
Considering the importance of active metal and oxide support, this thesis is focused on 
the investigation of the role of Cu as active metal in the oxidation of CO. The recent 
developments in the characterization techniques such as microscopic and spectroscopic 
tools, the detailed catalyst performance can be investigated. The nanostructured 
catalytic architectures offer surface structure and interface which act as active sites 
while their porosity controls the reactant diffusion. The data obtained from these tools 
help in fine-tuning the catalysts at its interface or structure level to predict its 
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performance during reaction. Thus this thesis is focused upon the role of the structure 
of Cu nanoclusters to define the size-activity threshold in CO oxidation. Cu 
nanoclusters are emerging field in the heterogeneous catalysis, their performance in CO 
oxidation real time application is barely studied. Hence, one chapter of this thesis 
presents the preparation, characterization and testing of Cu nanoclusters anchored over 
TiO2 for CO oxidation. The nanostructure support, in particular nanorods of TiO2 
(TNRs), significantly influences the catalytic CO oxidation activity. This thesis also 
elaborates the implication of the interface between Cu and TiO2 nanorods. The main 
idea of this chapter is to validate the hypothesis that the change in copper contents over 
TNRs influences the interfacial active sites which play its role in controlling the 
catalytic activity performance.  
In addition to CO oxidation, CO hydrogenation/reduction or syngas conversion to 
hydrocarbons via Fischer-Tropsch synthesis (FTS) has gained much attention in recent 
years due to the fact that the FTS produces wide range of value added products. The 
reactions involved in the FTS are given as: 
2(𝑛 + 1)𝐻2 + 𝑛𝐶𝑂 → 𝐶𝑛𝐻2𝑛+2 + 𝑛𝐻2𝑂               (1.2) 
2𝑛𝐻2 + 𝑛𝐶𝑂 → 𝐶𝑛𝐻2𝑛 + 𝑛𝐻2𝑂                (1.3) 
𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2                 (1.4) 
2𝑛𝐻2 + 𝑛𝐶𝑂 → 𝐶𝑛𝐻2𝑛+2𝑂 + (𝑛 − 1)𝐻2𝑂               (1.5) 
2𝐶𝑂 → 𝐶 + 𝐶𝑂2                  (1.6) 
𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂                 (1.7) 
Among these reactions, reactions (1.2) – (1.4) represent alkane, alkene production and 
water gas shift (WGS) reaction respectively, while side reaction (1.5) produces 
alcohols. Reaction (1.6) and (1.7) are Boudouard reaction (which generates carbon that 
deactivates the catalyst) and methanation reaction respectively. The catalysts based on 
cobalt and iron are widely utilized for the FTS process. The monometallic cobalt based 
catalysts are prone to deactivation which can be prevented by adding promoter or 
second metal to cobalt based catalysts [18]. The promoters are generally added in 
suitable amounts to boost the catalytic activity and product selectivity. Furthermore, the 
promoters influence the surface reducibility and number of active sites which contribute 
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towards activity during the FTS. In accordance with already reported research works 
highlighting the important aspects of promoter for the FTS process, this thesis presents 
the catalytic performance results of TiO2 nanorods supported Cu and Co based 
catalysts.  
This work fills the literature gap mainly associated with the real-time application of 
copper nanoclusters and catalytically active interfacial active sites between copper 
nanoparticles and titania nanorods. This thesis comprises seven chapters and a brief 
description of each chapter is given in the following paragraphs. 
Chapter 1 provides brief introduction to CO oxidation and hydrogenation via the FTS. 
The research motivations, gap, the role of novel copper nanoclusters and titania 
nanorods and their background is presented.  
The second chapter highlights the literature background of the current study with focus 
on research gap. The catalyst development, testing and characterization for CO 
oxidation and reduction are reviewed. The significance of the role of novel copper 
nanoclusters and titania nanorods is highlighted. 
In chapter 3, the role of novel copper nanoclusters in thermal catalysis, copper 
nanoclusters are investigated. The catalysts with copper range of 0.15 to 5 wt% 
impregnated over TiO2-P25 are tested for CO oxidation. The main focus of this work 
is to demonstrate the behavior of nanoclusters under CO oxidation reaction conditions 
(100 - 250 ℃; 1 atm; 6000 mL/h. gcat.) and investigate the influence of metal particle 
size on the catalytic performance. The metal-support interaction and catalyst 
deactivation are also discussed in this contribution. This chapter 3 sets basis for the 
synthesis of nanoparticles based catalysts which are discussed in subsequent chapters 5 
and 6. 
The development of metal oxide support and subsequently supported catalyst for a 
certain reaction requires the resulting catalyst to have intrinsic properties that may help 
in predicting the possible behaviour of the catalyst during reaction. For instance, some 
of the important factors in synthesizing one dimensional titanium dioxide 
nanostructures include choice of precursor, precursor particle size, concentration of 
alkaline solution, autoclave temperature and duration, washing (either with acidic 
solution or water) and calcination. In our work while synthesizing one dimensional 
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TiO2 nanostructures, we have studied three parameters including autoclave 
temperature, duration and calcination temperature. The choice of autoclave temperature 
and time as well as the calcination temperature is presented. The details of one 
dimensional nanostructures formation are presented in chapter 4. 
The synthesis of copper and cobalt nanoparticles were anchored over TiO2 nanorods 
(TNRs) using deposition-precipitation is presented in chapter 5. This contribution 
focuses on metal-support interface active sites and their role during CO oxidation 
reaction. The change in particle size and metal-support interaction with increase in 
copper contents from 2.5 to 12.5 wt% are discussed in detail. Our work also elaborates 
how copper nanoparticles interact with various supports such as TiO2-P25, alumina 
(Al2O3) and silica (SiO2).  
The chapter 6 focuses on the synthesis and testing of copper promoted TNRs supported 
cobalt based catalysts for syngas conversion into hydrocarbons using FTS process. The 
reduction properties are evaluated to understand the effect of Cu promotion over the 
reducibility of Co-based catalysts. CO and H2 desorption profiles are discussed with 
their contribution in the catalytic performance. Finally, the activity and product 
selectivity data are analysed for base and Cu promoted Co/TNRs catalysts. 
The concluding points are summarized in chapter 7 and recommendations are suggested 
for further research on this topic in the future. 
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Chapter 2 Literature Review 
2.1 CO oxidation 
CO oxidation is generally regarded as the most extensively studied reaction in 
heterogeneous catalysis [1]. On road vehicles are the main contributor in CO emissions. 
The cold start-up of a vehicle is mainly responsible for over 80% emission of CO and 
unprocessed hydrocarbons into the atmosphere. The increasing urbanization and ease 
of access of vehicles have enhanced threat of uncontrolled CO release to atmosphere, 
which needs to be addressed before it gets worse. This leads to the concept of catalytic 
converter that plays a vital role in CO abatement [1, 2]. 
In addition, CO oxidation is also widely used as a model reaction in heterogeneous 
catalysis to probe the fundamentals of reaction mechanism, nature and surface 
behaviour of the catalysts. Apart from air cleaning and automotive emissions control, 
CO oxidation finds its application in polymer electrolyte membrane fuel cell (PEMFC) 
to remove CO impurities from hydrogen [3-5]. The earliest commercial catalysts used 
for CO removal from air were Hopcalite catalysts, discovered in the 1920s [6, 7]. These 
catalysts were a complex mixture of copper and manganese oxides developed in the 
USA. However, the limitations of these catalysts such as low thermal stability, severe 
deactivation under sulphur and moisture environment and undesired behaviour during 
cycling conditions restricted their utilization and offered an opportunity for researchers 
to find an alternative catalyst [8, 9]. The researchers have been trying to explore the 
different strategies and metal/metal oxides supported on various materials to find better 
alternatives to such commercially available catalysts as Hopcalite catalysts. 
Earlier noble metals were employed in catalytic converters. The development of 
catalytic converter offered the opportunity to utilize noble metals (Pd, Pt, Rh) for CO 
oxidation reaction in the 1970s and 1990s in the United States and Europe respectively. 
In the 1980s, the discovery of gold nanoparticles well dispersed over an inorganic oxide 
support showed excellent CO oxidation activity at low temperatures with better stability 
and resistance to water. The discovery of this catalyst made it a benchmark for low 
temperature CO oxidation reaction. However, the high cost and less abundance of these 
noble metals, together with the development in oxide catalysts have shifted the interest 
of the researchers from expensive noble metals to cheaper alternative i.e., transition 
11 
 
metals and/or metal oxides. The transition metals with comparable activity and surface 
properties are the potential replacement of these noble metals based catalysts. Among 
transition metals, copper, iron and cobalt can be taken as better choice for both CO 
oxidation and reduction [10-13]. 
2.2 Nanostructured catalysts for CO oxidation 
The metal-based catalysts, both on laboratory and industrial scales, are typically 
composed of metal nanoparticles. The role of active sites is crucial and vital to be 
defined as chemical reactions take place over active metal surface and/or the metal-
support interfaces in case of supported metal catalysts [14-16]. Generally, the factors 
influencing the catalytic performance of metal nanoparticles-based catalysts include 
their size and shape, as well as metal-support interaction, which is related to their 
interfacial structure. These parameters can be easily examined by characterizing the 
catalysts before and after reaction. These structural features of metal nanoparticles-
based catalysts are closely related to their catalytic activity, product selectivity and 
catalyst durability under reaction conditions [17-19]. 
2.2.1 Copper as active metal 
Both homo and heterogeneous catalysts have been part of fundamental research in CO 
oxidation. The choice of active metal is one of the vital the factors that influence the 
catalytic activity during reaction. The metal used either as homogeneous catalyst or 
heterogeneous supported catalyst has its significance in dictating the catalytic 
performance. As mentioned earlier, CO oxidation is extensively studied using noble 
metal catalysts but their high cost provides opportunity for transition metals as a 
potential alternative. CO oxidation has wide spectrum of transition metal choice utilized 
as homogeneous, supported or mixed oxides catalysts including copper, cobalt, iron, 
chromium and magnesium etc.  
Copper-based nano-catalysts have been used in thermal catalysis for the CO oxidation 
[24-28]. It is noteworthy that copper easily oxidizes to Cu(I)2O or Cu(II)O [29-31] and 
the oxidation state of the copper defines the morphology of Cu species. Copper metal 
(Cu0) and cuprous oxide (Cu+) are reported to have cubic phase, while cupric oxide 
(Cu2+) to have monoclinic phase [29, 30]. The synthesis ambience for Cu NPs formation 
requires an oxygen-free and/or reducing environment owing to the fact that the face 
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cubic centred (fcc) phase of copper is unstable under oxidative conditions. The 
morphology of Cu NPs might change even with the partial oxidation during the 
preparation [32]. 
2.2.2 Nanoclusters versus nanoparticles 
In metals, the gap between atomic and larger nanoparticles is bridged by the metal 
nanoclusters, which comprise specific number of atoms within (typically) sub-
nanometer cluster metal core [33]. The metal nanoclusters have exceptional physical, 
electrical and optical properties, which have recently been exploited by researchers in 
the fields of electronic devices, catalysis, chemical sensors and biological imaging [34-
36]. The metal nanoclusters also offer the size tuning on atomic level and also the 
possibility to study the role of the addition of each atom into the catalyst. Since structure 
and interface are important features of nanostructured catalysts, the size of the active 
metal becomes vital in fine-tuning these features. These features vary based on the 
choice of nanoclusters and nanoparticles. The potential of metal nanoclusters has 
gained much research interest in recent years and the investigation of metal 
nanoclusters, particularly, in catalysis is increasing rapidly. The facile synthesis 
procedure and chemical stability are among the main factors behind extensive 
investigation of noble metal nanoclusters including mainly gold (Au) and silver (Ag) 
[37-39]. However, non-noble metal nanoclusters such as copper nanoclusters (CNCs), 
despite their promising features such as unique selectivity, have not received much 
attention. The precursors required for the synthesis of noble metal nanoclusters are 
more expensive than copper cluster precursors. Thus, copper nanoclusters stand as a 
competitive alternative for various applications as compared to noble metal 
nanoclusters. Despite offering exceptional size dependent optical and electronic 
properties and quantum size effect, CNCs also have some limitations. The role of ligand 
or capping agent becomes crucial specially when ligand removal is important for the 
reaction. 
CNCs are novel idea in heterogeneous catalysis due to the fact that the size can be 
controlled on atomic level. Most of the research work on nanoclusters is based on 
density functional theory instead of real time catalytic application [40-50]. In addition, 
most of the research data published mainly focuses on synthesis of these clusters rather 
than the catalytic application. Noble metal based clusters have been reported for CO 
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oxidation reaction [1, 51-57]. The synthesis and theoretical studies of CNCs are 
extensively reported in the literature [58-69] and some of the CNCs based catalysts 
have been tested for real time catalytic applications such as methanol oxidation, 
oxidation and detection of hydrazine, and glucose sensing etc. [70-72]. Keeping in mind 
the advantages offered by nanoclusters, first phase of this research is focused on the 
synthesis of copper nanoclusters. 
2.2.3 Inorganic oxide support 
Standalone metal nanoparticles or nanoclusters are highly prone to agglomeration or 
sintering. When being used as a catalyst, the extent of agglomeration further enhances 
as the operating temperature increases during reaction. In order to overcome this 
problem, metal nanoparticles/nanoclusters are immobilized onto oxide supports. The 
anchoring of metal nanoparticles/nanoclusters onto a support material also has the 
advantages of offering a good dispersion of metal nanoparticles over the support surface 
and hence, is cost effective, as only a small amount of metal nanoparticles is required 
for the reaction as they are efficiently utilized.  
The oxide support also plays a vital role during CO oxidation reaction. Therefore, the 
choice of support is also important since the intrinsic properties of support are known 
to have significant impact on the performance of the catalysts. These properties include 
surface area, porosity, dispersion, activity and selectivity [73-75]. The metal-support 
interaction and interface also influence the catalytic performance. 
There is a range of oxide supports utilized in heterogeneous catalysis including silica 
(SiO2), alumina (Al2O3), ceria (CeO2), titania (TiO2), and zirconium dioxide (ZrO2) 
etc., [12-14]. Some of these supports, such as silica, are inert supports and do not 
enhance performance of the metal anchored onto its surface while other supports do not 
only interact with the deposited metal but also enhance catalytic performance of metal 
species during reaction. 
Among these oxide supports, titanium dioxide or titania is considered as one of the 
promising support for the application in heterogeneous catalysis. The main attributes of 
titania as support include its significant band gap, reducibility, low toxicity and 
environmental friendliness, and low price. The non-toxic nature, good effectiveness, 
good thermal and mechanical stabilities under oxidative and acidic conditions are 
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additional features for TiO2 to be used as heterogeneous support. TiO2 is mainly used 
in photo-catalysis, electro-catalysis and thermal catalysis due to above mentioned 
features. TiO2 is found in three crystalline phases i.e., brookite, anatase, and rutile. 
Anatase and rutile phases are most commonly used and crystalline size of anatase is 
always smaller than the rutile. Brookite phase usually in the form of orthorhombic 
structure is rarely used for any application [76-79]. Among the three phases, brookite 
and anatase are less thermally stable and start converting into rutile phase above 600 
℃ [77, 78]. Anatase comprises octahedral TiO6 building blocks linked together in 
zigzag chains while rutile contains linear chains [78-81]. The arrangement of building 
blocks can be pictorially presented as shown in Figure 2.1. 
 
Figure 2.1 The representation of octahedral TiO2 building blocks in (a) rutile and (b) 
anatase TiO2 [81]. 
 TiO2 has been reported to improve catalyst performance by modulating its performance 
in the reactions like thermal catalytic decomposition [82], water gas shift [83], 
hydrodesulphurization [84], and dehydrogenation [85, 86]. TiO2, as a heterogeneous 
catalyst, also has some drawbacks including low adsorption abilities, low photocatalytic 
quantum efficiency and smaller surface areas [83, 84]. The hexameric copper 
nanoclusters were anchored over TiO2 in the second phase of this research work and 




The third phase of this research was focused on the successful preparation of one 
dimensional oxide support (Chapter 4). In recent years, one dimensional oxide 
nanostructures such as zinc oxide (ZnO), vanadium pentaoxide (V2O5), gallium oxide 
(Ga2O3), indium oxide (In2O3), and tin oxide (SnO2) in the form of nanotubes, nanorods, 
nanowires and nanobelts have gained significant attention. The nanostructures have 
distinct physical and chemical properties. TiO2 is used in different nanostructured forms 
like nanotubes (TNTs) or nanorods (TNRs) or nanobelts or nanowires. TNTs have been 
considered as a vital support in heterogeneous catalysis due to unique characteristics - 
large specific surface area, large pore volume, ion-exchangeability and rapid electron 
transport competency [87-89]. Importantly, TNRs and TNTs have high aspect ratio. 
TNTs/TNRs can be prepared using various techniques such as template method, anodic 
oxidation and hydrothermal synthesis. Among these methods, hydrothermal synthesis 
has the advantage of large scale production of materials with high length to diameter 
ratio and cation exchange capacity. The hydrothermal synthesis is a simple process in 
which various parameters can be changed to control the attributes of final product but 
hydrothermal synthesis also needs longer reaction times and concentrated NaOH. There 
are difficulties involved with hydrothermal synthesis which include controlling size 
uniformity and thermal stability. The high cost and use of highly toxic hydrofluoric acid 
make other two methods (template method and anodic oxidation) less favourable in 
comparison with hydrothermal synthesis [87, 90, 91]. Table 2.1 shows the advantages 
and limitations of various synthesis techniques of one dimensional titania 
nanostructures. 
Kasuga et al. [92] were the first who discovered the hydrothermal synthesis of 
nanotubular shaped titania using alkaline media which later became a great deal of 
interest. The synthesis of one dimensional titania nanostructures using hydrothermal 
method involves many parameters which control the final product. These parameters 
include the size of titania precursor, the concentration of NaOH used, autoclave 
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The procedure reported by Kasuga et al. [92] was adopted to prepare the one 
dimensional titania nanostructures for the utilization in the fourth phase of the research 
work. The effect of preparation parameters such as hydrothermal temperature, duration 
and calcination temperature was studied in detail to obtain the required properties of 
the synthesized one dimensional titania nanorods (TNRs). After successful synthesis of 
one dimensional titania nanorods, the next step i.e., the fourth phase was deposition of 
active metals of choice i.e., copper and cobalt onto these titania nanorods for further 
investigation of the resulting catalysts for CO oxidation and reduction. 
17 
 
2.2.4 The supported catalysts 
The investigation of metal/metal oxide nanoparticles anchored over oxide support such 
as TiO2, CeO2 etc. in heterogeneous catalysis, is significantly important to understand 
the nature and extent of metal-support interaction which affects the catalytic activity 
and product selectivity [94, 95]. The preparation of heterogeneous catalyst involves 
different elevated temperature steps including oxidation and reduction which influence 
the morphology of the catalyst. The metal-support interaction also causes 
morphological changes like alloy formation, sintering of metal particles, inter-diffusion 
and encapsulation. Therefore, the preparation steps need to be optimized to have well 
dispersed metal nanoparticles anchored onto the oxide support. 
The catalysts are prepared using different synthesis techniques including impregnation, 
co-precipitation (CP), deposition-precipitation (DP), photo-deposition (PD) and sol-gel 
etc. Each of these techniques have the advantages and limitations. PD is a simple 
process which requires a light source to prepare a well-defined catalyst. Moreover, PD 
does not require elevated temperatures and facilitates control of the nanoparticle size 
and oxidation state [96]. In addition, nanoparticle size distribution can potentially be 
varied by simply varying precursor concentration, wavelength of light source, pH and 
irradiation time [97]. 
Unlike CP, DP maintains the deposition of active metal on the support surface and 
prevents the interaction of active metal with the bulk of the support. The active metal 
is made to precipitate over the support surface by preventing the local high 
concentrations of alkali which could precipitate the active metal away from support 
surface [98]. The other advantage of DP is it provides narrow particle size distribution. 
DP technique is recommended when involving the supports with high surface areas 
[99]. 
2.2.4.1 The ligand protected metal nanoclusters based catalysts 
The supported ligand protected metal nanoclusters based catalysts are novel idea in the 
heterogeneous catalysis. Generally, noble metals based nanoclusters have been reported 
as supported catalysts for CO oxidation reaction including density functional theory 
(DFT) or first principles based theoretical studies or real time catalytic performance 
[48, 51, 52, 57, 100-106]. Nie et al. [51] studied the oxide support effect on the catalytic 
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performance of gold nanoclusters in CO oxidation. The study of anchoring 
Au25(C2H4Ph)18 over CeO2, Fe2O3 and TiO2 revealed that CeO2 supported catalyst 
exhibited more activity. The oxygen pre-treatment for 1.5 h at 150 ℃ showed that gold 
was intact as nanoclusters and its activity enhanced after pre-treatment. These results 
contradicted the general findings of activity enhancement after complete removal of 
ligands [100, 101] and revealed that gold nanoclusters formed perimeter interface active 
sites which behaved as active centres for CO oxidation reaction. One of the interesting 
findings of this work was the inactivity of gold supported on TiO2 which is in striking 
contrast to gold nanoparticles supported TiO2 catalysts [48, 102]. The lack of interfacial 
active sites was the main factor behind inactivity of gold nanoclusters supported on 
TiO2. 
The elucidation of interface engineering of gold nanoclusters by supporting series 
(Au38(SR)24, Au36(SR′)24, Au25(SR″)18) of nanoclusters on ceria revealed that the 
presence of ligands at the cluster surface adversely affected CO oxidation activity [52]. 
It was found that for each series, the commonly believed carbon tails bulkiness did not 
affect CO adsorption over Au active sites. Rather, the ligands at the interface between 
thiolate, Au and ceria support caused the steric hindrance which prevented CO 
adsorption. The investigation of the catalysts was further extended to the comparison 
between nanoclusters of almost the same size i.e., Au38(SR)24 and Au36(SR′)24. The 
thermal pre-treatment at various temperatures between 100 and 225 ℃ revealed that 
Au36(SR′)24 catalyst was insensitive to pre-treatment while Au38(SR)24 catalyst 
exhibited an optimum CO oxidation activity after thermal pre-treatment at 150 ℃. The 
difference in geometrical structure of these two catalysts was the main factor 
responsible for their corresponding catalytic activities. The bi-icosahedral structure in 
Au38(SR)24 catalyst remained stable until pre-treatment temperature of 150 ℃ above 
which its structure began to convert into face centred cubic structure of Au36(SR′)24 
catalyst and, thus, loss in activity was observed. 
The ligand protected copper nanoclusters alone or as bimetallic with noble metal 
clusters are widely reported from theoretical calculations perspective using density 
functional theory (DFT) or first principles studies [107-111]. The real life applications 
of ligand protected copper nanoclusters based catalysts are scarce. There are some 
reports which have studied the roles of the unsupported and supported ligand protected 
copper nanoclusters for their catalytic applications including benzene oxidation to 
19 
 
phenol, CO2 reduction to methanol, low temperature water gas shift reaction (LTWGS) 
and CO oxidation [112-117]. Recently, Baharudin et al. [116] investigated the surface 
chemisorption and CO temperature-programmed desorption (CO-TPD) of hexameric 
copper hydride (Cu6) nanoclusters (0.5-15 wt%) supported on functional multi-walled 
carbon nanotubes (MWCNTs). The elementary steps in most common Langmuir-
Hinshelwood mechanism for LTWGS in conjunction with the study of the interaction 
between active sites and CO using CO-TPD allows to predict the catalytic behaviour of 
as-synthesized catalysts. Cu dispersion, crystallite size, Cu surface area and amount of 
CO adsorbed as obtained from CO chemisorption were found to correlate with the 
hypothetical active sites. Among various Cu loading contents supported on carboxyl 
functionalized MWCNTs (MWCNTCOOH) studied, 1 wt% Cu6/MWCNTCOOH exhibited 
highest Cu dispersion, Cu surface area and CO adsorbed and found to be optimal Cu 
loading. The effect of support using non-functional MWCNTs and Al2O3, the 
comparative study between Cu6 and Cu nanoparticles deposited over MWCNTCOOH 
showed that 1 wt% Cu6/MWCNTCOOH is active for LTWGS with the operating 
temperature governed by Cu sintering and water dew point. 
The same research group performed CO oxidation over carboxyl-modified and copper 
clusters supported pristine-MWCNTs [117]. The contaminated oxidation atmosphere 
as simulated by the carboxyl-modification of pristine-MWCNTs and anchoring copper 
cluster over pristine-MWCNTs as modelled pollutant showed an inhibition of CO 
oxidation activity. The CO oxidation onset temperature over unmodified pristine-
MWCNTs is 150 ℃ and almost complete CO is converted at ⁓230 ℃. Carboxyl-
modification of pristine-MWCNTs acts more like CO adsorbent with no CO2 
formation. The modification of pristine-MWCNTs with copper cluster as modelled 
pollutant containing PAHs, P and VOCs, promotes the formation of CuCO3 during 
reaction below 330 ℃ and these carbonates decompose above 400 ℃ to generate CO2. 
This study highlighted the significance of pre-treatment of flue gas prior to CO 
oxidation reaction at low temperatures. 
2.2.4.2 The TiO2 supported metal nanoparticle-based catalysts 
TiO2 supported copper catalysts are widely reported in heterogeneous catalysis, in 
particular, for CO oxidation reaction [24-26]. Most of the researchers have focused on 
anatase phase of TiO2. Limited studies are aimed at the role of rutile TiO2 in CO 
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oxidation. Furthermore, the study of the role of titania nanorods with dominant rutile 
phase is worth investigating to have an insight of these nanomaterials in CO oxidation 
reaction. 
The ratio of anatase to rutile is one of the important factors which affects the catalytic 
activity during CO oxidation. The investigation of CuO anchored on pure anatase 
phase, pure rutile phase, 70% rutile phase and 70% anatase phase showed that the 
chemical, physical and catalytic properties of the catalyst strongly depend on the phase 
of TiO2. It was found that CuO anchored over pure rutile phase (CuO/R) exhibited 
weaker interaction between metal and support. The high dispersion, more reducibility 
and presence of large amount of oxygen species enhanced the catalytic performance of 
CuO/R catalyst [118]. 
It has been reported that the active sites and oxidation states of copper species have 
strong impact on CO oxidation reaction rate [28, 119], but there is controversy about 
the exact nature of the active centre of copper species. Generally, catalytic activity 
depends upon the coexistence of Cu0 and Cu+1.  Monolayer dispersion of 8wt% CuO 
supported on TiO2 showed excellent activity for CO oxidation when copper loading 
was varied from 2 to 12 wt% [120].  
The modification of TiO2 by adding second oxide enhances the catalytic performance 
of resulting catalysts. The influence of cerium dioxide (CeO2) addition over CuO/TiO2 
catalysts showed that the thermal stability of anatase phase improved with the 
modification of TiO2 with CeO2. The stabilization of Ce
+3 and Cu+1 in the inter-domain 
boundaries of anatase in the modified catalyst improved the thermal stability of the 
catalysts which was intact even at higher calcination temperature of 700 ℃. The 
catalytic activity of modified catalysts outperformed CuO/TiO2 catalysts. For instance, 
T50 for the modified catalyst (5wt%Cu on 5 wt% CeO2-95 wt% TiO2) decreased to 135 
℃ from T50 of 187 ℃ for unmodified catalyst (5 wt% CuO/TiO2) [121]. 
TiO2 modification with SnO2 was investigated for copper based catalysts [122]. The 
various amounts of copper (2-20 wt%) were anchored over the modified support. The 
catalysts with unmodified supports i.e., TiO2 and SnO2 were also synthesized for 
comparison. It was found that the catalytic activity of catalysts made using modified 
support was higher than that of catalysts made using unmodified support. CO 
conversion of ⁓100% was achieved at 80, 110 and 130 ℃ for 8 wt% Cu/TiO2-SnO2, 8 
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wt% Cu/TiO2 and 8 wt% Cu/SnO2 respectively. It can be inferred from experimental 
results that CuO species act as active centres which had significant impact on the 
catalytic activity. Moreover, synergy between SnO2 and TiO2 in modified 8 wt% 
Cu/SnO2-TiO2 catalyst was among the main contributing factors towards higher activity 
of this catalyst. 
Recently, Tang et al. [27] performed in situ Fourier transform infrared (FTIR) 
spectroscopy study of copper oxide supported on TiO2. The easily reduced Cu
+2 and 
Cu+1 were well dispersed on rutile surface and showed excellent activity. The presence 
of surface oxygen vacancy at the rutile phase catalyst surface also enhanced the 
catalytic performance. Cu supported on rutile exhibited threefold CO conversion as 
compared with anatase supported catalyst. CO reaction mechanism showed that in rutile 
supported Cu catalyst, CO mainly adsorbed on Cu+1 while oxygen adsorbed on surface 
oxygen vacancies. The adsorbed CO reacted with dissociatively adsorbed oxygen to 
generate CO2. 
The reduction of Cu+1 and electronic interaction between copper and TiO2 also play a 
role in CO oxidation reaction. The study of the effect of Ti+3 on copper supported over 
TiO2 catalysts utilized for CO oxidation showed that even smaller copper loading of 
3.4 wt% exhibited higher turnover frequency (3.7 s-1) than Pt (3-5%) supported on TiO2 
(1.5-1.8 s-1) and bimetallic CuO/ZnO/Al2O3 catalyst (0.3 s
-1). The presence of Cu+1 
species, high dispersion of copper species, and strong electron interaction between 
copper species and TiO2 support were the factors responsible for excellent activity of 
3.4 wt% Cu/TiO2 catalyst [123]. 
The comparison study between TiO2 nanopowder and nanotubes (NTs) for copper 
based catalyst for CO oxidation inferred the role of different morphologies and surface 
areas during reaction. It was observed that CuO/TiO2-NTs outperformed CuO/TiO2 and 
light off temperatures were 90 and 144 ℃ respectively. The catalytic performance of 
nanotubes supported catalyst was ascribed to the higher surface area of TiO2-NTs, 
better dispersion of CuO over TiO2-NTs support surface and stronger interaction 
between CuO and TiO2-NTs [124]. 
Considering the significance of both copper and titania nanostructures, the next step of 
the fourth phase of this research work is focused on the study of interface between 
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copper and titania nanorods (synthesized in the first stage of fourth phase) and their 
role in CO oxidation reaction. This study is thoroughly discussed in chapter 5. 
2.2.5 The proposed reaction mechanism 
The interaction of gas molecules at the catalyst surface, including the adsorption of 
reactants, their interaction with each other to yield product and the desorption of 
products, are described by the reaction mechanism. Generally, three types of 
mechanisms are proposed and discussed for CO oxidation reaction i.e., Langmuir-
Hinshelwood (LH) mechanism, Eley-Rideal (ER) mechanism and Mars and Van 
Krevelen (MVK) mechanism. In LH mechanism, the adsorption of both the reactants 
takes place over the catalyst surface, followed by the reaction between the adsorbed 
molecules which is facilitated by the surface diffusion. Finally, the products desorb 
from the surface. In LH mechanism, the highest reactivity is achieved by the adsorption 
of stoichiometric amounts of reactants as well as full dispersion and good diffusion of 
reactants over the catalyst surface. Most of the catalytic systems are reported to follow 
LH mechanism. An example is the oxidation of CO on Cu-based catalyst [27].  
The adsorption of only one of the reactants at the surface happens in case of ER 
mechanism. The second reactant  interacts/reacts with the adsorbed reactant directly 
from the gas phase followed by the desorption of the product. The higher reactivity in 
ER mechanism is achieved by increased coverage of the reactant being adsorbed and 
by the higher pressure or concentration of the second reactant. The CO2 hydrogenation 
during formate synthesis is an example of a reaction following the ER mechanism 
[125].  
MVK mechanism mainly involves metal oxide catalysts which are defined by its 
reducibility or tendency to donate oxygen. MVK mechanism over reducible oxides is 
different than over the metal anchored on the oxide supports. The presence of 
metal/oxide interface, in case of supported catalysts, also influences the surface oxygen 
reactivity.  In the MVK mechanism over reducible metal oxides, one of the reactants 
chemisorbs on the metal oxide catalyst surface and forms a thin layer of reactant-metal 
oxide. The reaction takes place between the surface/lattice oxygen and surface 
chemisorbed species. Consequently, the product desorption leaves behind a vacancy in 
the surface which is filled again by the second reactant. The oxidation of CO on 
platinum under high oxygen pressure is an example of the MVK reaction mechanism 
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in which surface oxide formed interacts with the gas phase CO [126]. The different 
aspects of MVK mechanism over reducible oxides and supported catalysts are 
discussed in [126]. 
2.3 CO reduction via Fischer-Tropsch synthesis (FTS) 
Carbon monoxide (CO) can be hydrogenated to valuable products using different 
processes including methanol synthesis, Fischer-Tropsch synthesis (FTS), and higher 
alcohol synthesis [127]. The high energy demands and depletion of fossil fuels have 
attracted the intentions and interest of the researchers in the FTS technology [128]. It is 
generally accepted that the FTS technology plays major role, in gas to liquid 
technology, in serving as a bridge between inorganic and organic chemistry [129-132]. 
In the FTS process, syngas generated from partial oxidation, gasification or steam 
reforming of natural gas, coal, biomass or shale gas, is converted to linear hydrocarbons 
[132, 133]. Cobalt, iron or ruthenium are common metals to be utilized for the FTS 
process [134-137]. The FTS process can also lead to the production of oxy-compound 
products and lower olefins [138-141]. Therefore, it can be inferred that the FTS process 
is environmentally friendly alternative to synthesize olefins, transportation fuels, value-
added chemicals and oil products [142-144].  
The FTS is a polymerization process which involves adsorption of CO, chain initiation 
and termination of the chain growth. The mechanistic pathway of chain initiation and 
chain growth can be schematically presented in the Figure 2.1. 
 
Figure 2.2. Mechanistic pathway for the FTS process [145] 
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The CO adsorption occurring over the catalyst surface leads to the stepwise growth 
process. The dissociative adsorption of CO is followed by the hydrogenation of CO 
which results in the formation of CH2 units and these units act as “monomers” for the 
chain propagation process. In the next step, the adsorbed monomers can proceed to 
either desorb from the catalyst surface or form FT products via further hydrogenation 
and this process continues until termination reaction. The termination reaction follows 
two possible pathways i.e., hydrogenation and hence producing paraffin products or 
dehydrogenation leading to the synthesis of olefin products. Additionally, the alcohols 
and aldehydes are also formed via insertion of oxygenated species into alkyl functional 
group grown over the catalyst surface [146]. CO insertion into alkyl functional groups 
at the end of the growing chain terminates the reaction with the production of α-olefins 
and normal paraffin as major products [147].  
The fifth phase of the proposed project work was focused on CO hydrogenation over 
cobalt and copper based mono and bimetallic catalysts via the FTS to produce long 
chain hydrocarbons. The cobalt based catalysts have attracted the attention of scientists 
in recent decades for the FTS process due to their higher activity towards olefins 
production, lower activity towards water gas shift and lower deactivation than iron and 
copper catalysts which favour water gas shift [148-152]. The copper based catalysts are 
not reported for the FTS process due to their very low or no activity while copper has 
been reported as promoter over cobalt and iron based catalysts [153, 154]. Intensive 
research is in progress during recent years to improve the performance of commercially 
used cobalt based catalysts to find a suitable mono and/or metal promoted/bimetallic 
catalyst, which would be active, selective and stable for linear hydrocarbons. 
2.4 Nanostructured catalysts for the FTS 
Since the FTS process generates wide range of products including olefins, paraffins, 
and oxygenates, the design of the catalyst depends upon its physical, mechanical and 
chemical properties. The catalyst composition, structure and physico-chemical 
properties play significant role in the selectivity of the products. Generally, four types 
of catalysts are used in the FTS including cobalt (Co), nickel (Ni), iron (Fe) and 
ruthenium (Ru) due to their dissociative adsorption of CO and H2 [155]. These catalysts 
behave differently under reaction conditions and their selectivity varies for reactions 
(mentioned in chapter 1 i.e., reactions 1.2-1.7). Among these catalysts, Ni is more 
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selective towards methane formation under reaction conditions [156] while the rest of 
the catalysts promote the formation of olefins and paraffins. Ru is less selective to the 
methane, promotes the synthesis of C5+ hydrocarbons [157] and is expensive to be 
utilized commercially. Hence, Co- and Fe-based catalysts are promising and widely 
used for the FTS process on commercial scale [158, 159]. The cost of Co-based 
catalysts is more than that of the Fe-based catalysts, but Co-based catalysts are more 
resistant to deactivation. In addition, the productivity of Co-based catalysts is also 
higher than that of the Fe-based catalysts despite having almost similar activities.  
Fe-based catalysts are more prone to carbon deposition and, thus, catalyst deactivation 
as compared with Co-based catalysts. Fe also forms nitrides and carbides, which also 
play their role in the FTS process and, as mentioned earlier, Fe favours WGS reaction 
while Co-based catalysts are reported to exhibit WGS activity only at higher 
temperatures [160-162]. Fe-based catalysts produce huge amounts of oxygenates in 
contrast to Co-based catalysts, which generate straight chain hydrocarbons as major 
products. The operating temperatures and pressures for Co-based catalysts are within a 
narrow range in contrast to Fe-based catalysts, which produces oxygenates and 
hydrocarbons at different temperatures (up to ⁓350 ℃) and pressures. The increase in 
operating temperature in case of Co-based catalysts increase their selectivity towards 
methane. Fe-based catalysts are more selective to production of olefins than Co 
counterparts [161, 162]. The higher stability and productivity of Co-based catalysts 
make these catalysts optimal choice to be utilized in the FTS for long chain 
hydrocarbons production. The catalytic activity of Co-based catalysts for the FTS 
process depends upon various factors such as Co particle size and dispersion, catalyst 
synthesis technique, operating conditions, type of oxide support and type of promoters 
etc. 
The fundamental role of the oxide support in the FTS catalysts is to facilitate metal 
particles dispersion and stability post hydrogen reduction. The physico-chemical 
properties of the oxide support also influence the properties of the final catalyst. For 
instance, porosity and surface structure of the support might affect the particle size of 
supported metal catalysts. The oxide support also offers unique features to the final 
catalyst, including improved surface area and porosity, enhanced active metal 
dispersion, control over metal particle size, reducibility and metal-support interaction, 
and improved mechanical properties [163-165].  
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The effect of several oxide supports on the performance of the catalysts during the FTS 
process has been extensively investigated and the oxide support is reported to have 
strong impact on the properties of the resulting catalysts [132, 164, 166]. Mostly oxide 
supports such as silica (SiO2), alumina (Al2O3) and titania (TiO2) are studied for the 
FTS process. Storsæter et al. [167] studied the influence of above mentioned oxide 
supports (SiO2, Al2O3 and TiO2) on the catalytic performance of Co-based catalysts in 
the FTS process. The increase in the average pore diameter of the support enhanced the 
Co particle size and reducibility. The size and the shape of the active metal particles 
was also significantly affected by the pore structure of the oxide support. The study of 
various oxide supports such as magnesia (MgO), SiO2, Al2O3 and TiO2 over the Co-
based catalysts showed the activity performance was highest over TiO2-supported Co 
catalyst while least activity was revealed over MgO-supported Co-based catalyst [166]. 
Iglesia et al. [132] investigated the effect of oxide supports on the catalytic performance 
of Ru- and Co-based catalysts under reaction conditions (203 ℃; 5.5 bar; H2/CO = 2.1) 
favourable for the formation of C5+ hydrocarbons. It was found that hydrocarbons 
production rates were independent of the oxide supports for both Ru and Co-based 
catalysts at pressures greater than 5 bar. 
Although the role of the promoters, despite extensive characterization studies, is not yet 
clear, the addition of promoters affects the catalytic activity of the FTS catalysts. 
Different types of promoters are used in the FTS catalysts including textural promoters, 
electronic promoters, structural promoters, poison-resistant promoters and stabilizers 
[168]. The structural promoters influence Co dispersion and metal-support interaction. 
By avoiding the formation of metal-support alloys or metal sintering, these promoters 
mainly enhance the number of active sites which may lead to improved catalytic activity 
and stability but these promoters have no role in affecting the product selectivity [168, 
169]. The role of electronic promoters is more ambiguous and they primarily affect the 
surface properties or surface electron transfer. In electronic promotion of Co-based 
catalysts, promoter either forms an alloy with Co or decorates Co surface with its oxide 
to improve the activity and stability of the catalysts. Promoters can also have synergistic 
effect which may influence the overall the FTS reaction. Depending upon the promoter 
type, synergistic effect can promote water gas shift reaction, influence the alkane to 
alkene ratio, can cause CO2 hydrogenation and can oxidize the carbon depositing on Co 
surface [168]. Both noble metal and non-noble metal promoters are used for the FTS 
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catalysis. The active metal dispersion, structure, product selectivities and reaction rates 
are strongly influenced by noble metal promoters including rhodium (Rh), platinum 
(Pt), palladium (Pd) and Ru. Furthermore, noble metal promoters facilitate easier metal 
oxide reduction, enhance active metal dispersion, alloy formation between promoter 
and active metal, improve resistance to catalyst deactivation and promote the intrinsic 
reactivity of the metal active sites on the catalyst surface [133]. 
The non-noble metal based promoters such as copper, potassium, manganese and 
sodium are also reported for the FTS catalysis [169-171]. The copper based catalysts 
are commonly utilized for low temperature water gas shift reaction. Copper, when 
added to iron as promoter, improves the reduction of iron and thus prevents sintering 
of iron [154]. Similarly, copper (Cu) can be used as promoter over Co-based catalysts 
and it is hypothesized that Cu addition to Co-based catalysts supported on titania 
nanorods could improve the reducibility and, hence, the activity and selectivity of the 
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Chapter 3  
The supported Cu cluster size-activity threshold in 
CO oxidation 
3.1 Introduction 
The industrial growth, urbanization and increased demand of vehicles have caused 
damaging impacts on the environment in the recent years. Many industrial combustion 
processes and on-road cars consuming large amounts of gasoline have significant 
contribution in global pollutant emissions, particularly carbon monoxide (CO), nitrogen 
oxides (NOx) and unburned hydrocarbons [1]. Among all, CO is of particular concern 
because of its toxic nature as an odourless noxious gas [2]. It can be fatal to both humans 
and animals and can cause death in indoors. Almost one million children under the age 
of five die annually due to smoke from household solid fuel combustion as reported by 
World Health Organization (WHO) [3]. CO is also readily generated in confined 
environment. For example, CO generated from household fuels (gas or charcoal) for 
cooking or heating purposes, and   second-hand smoke emitted from cigarettes [4].  
To eliminate indoor CO, many approaches including ventilation, air 
purification/separation, and direct removal using low-cost adsorbents, such as activated 
carbon, have been adopted [4]. However, high electricity costs and complex design 
involved in ventilation, limited adsorption capacity of adsorbents and regular 
replacement of filters in air purification equipments limit these methods. Therefore, 
low-temperature catalytic reaction is considered the most effective approach to oxidize 
CO into CO2 rapidly in a confined environment. Moreover, catalytic CO oxidation is 
an important step in many key industrial reactions, such as water-gas-shift reaction, 
production of pure hydrogen for proton-exchange membrane fuel cells, gaseous waste 
abatement in petrochemical industries and CO-coupled NO reduction [5-7].  
Most reported CO oxidations to date are catalysed using noble or transition metal 
nanoparticles which show declining activity at low temperatures [4, 8-20]. In order to 
find whether CO oxidation is structure sensitive or not, many studies are reported for 
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nanoparticles based catalysts and mainly effect of metal particle size over the catalytic 
activity has been investigated to identify size-activity relationship [14-16, 21-25]. CO 
oxidation is reported to be significantly influenced by the change in catalyst crystal size 
and the catalytic activity is found to be increased with reduction in crystal size to a 
certain limit below which catalytic activity decreased [26, 27]. The change in crystal 
size alters the metal-support contact boundary which affects metal-support interaction, 
surface structure, oxidation state, electronic state and active surface oxide layer [27]. 
These factors have direct impact on the catalytic performance and therefore the crystal 
size is one of the most critical factors to define size-activity relationship. 
Metal nanoclusters have drawn considerable interest in recent years mainly owing to 
their size dependent optical and electronic properties and quantum size effect [28-31]. 
The noble metal nanoclusters, such as Au and Ag, have shown superior catalytic 
activity in CO oxidation [32-34]; however, their high cost and less abundance are the 
limitations in their commercial application [35-41]. Copper nanoclusters (CNC) is a 
potential alternative to noble metals due to its low cost and ease of controlled synthesis 
[42-44].  
In this paper, we successfully synthesized CNC supported on TiO2 with various copper 
contents (0.15 to 5 wt%) and studied the stability of the resulting catalysts in CO 
oxidation at 200℃. The catalysts were characterized pre- and post-reaction to 
demonstrate the catalytic activity performance using x-ray diffraction (XRD), 
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS), temperature 
programmed desorption using CO, O2 and CO2 (CO-, O2- and CO2-TPD), temperature 
programmed reduction using hydrogen (H2-TPR), CO chemisorption and thermo-
gravimetric analysis (TGA). Specifically, the cluster size-activity threshold of the TiO2-
supported CNC catalysts have been elucidated. 
3.2 Experimental 
3.2.1 Catalyst preparation 
The details of the chemicals used are given in Appendix A. The Cu6 nanoclusters 
(CNCs) were synthesized using the procedure reported by Albert et al. [47]. In a typical 
procedure, 0.5 g (0.005 mol) of copper(I) chloride and 1.3 g (0.005 mol) of 
triphenylphosphine (PPh3) were added into a Schlenk flask attached to the Schelnk line 
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(synthesis performed under inert atmosphere) and subsequently 10 mL of 
tetrahydrofuran (THF) was added. A white precipitate was obtained upon stirring the 
mixture for half an hour. The mixture was placed in an ice bath and kept under 
continuous stirring and subsequently K-Selectride (5 mL of 1.0 M of THF, 0.005 mol) 
was added slowly using syringe. The white color of mixture turned into dark red. The 
mixture was kept under stirring for one hour after removing the ice bath. The resulting 
mixture was filtered and washed with THF (2 × 5 mL). The filtrate was reduced to 50% 
of its volume using vacuum. The filtrate was layered with the same volume of degassed 
hexanes for crystallization. Identity of product was confirmed by X-ray diffraction 
analysis of a single crystal. Prior to catalyst synthesis, TiO2-P25 was pre-treated at 200 
℃ for 5 h under vacuum. The known amount of pre-treated TiO2-P25 (on the basis of 
total catalyst mass of 1.1 g) was added into THF in a Schlenk flask under argon 
followed by the addition of CNC corresponding to 0.00165-0.055 grams of Cu to obtain 
copper loading ranging from 0.15 to 5 wt%. The sample was kept under stirring at room 
temperature overnight and was subsequently dried under vacuum until complete 
evaporation of solvent was achieved. The catalysts were designated as xCT, where x 
represents copper content (wt%) and T represents the TiO2-P25 support. The as-
synthesized catalysts were stored in capped sample bottles under ambient environment. 
3.2.2 Catalyst characterization 
X-ray diffraction (XRD) profiles were recorded using a SuperNova Agilent 
technologies instrument (Cu-Kα radiation source) and all measurements were 
conducted at room temperature. The recordings were obtained for scanning range of  
20-80 using scanning step of 0.05 while X-ray diffraction (XRD) patterns were 
recorded using a Philips PW1700 X-ray diffractometer (Co-Kα radiation source). The 
recordings were obtained for scanning range of 20-80 using scanning step of 0.05 
MPI Jade® software was utilized for XRD data analysis. The average crystallite size of 
copper oxide was estimated using Scherrer equation (𝑑 =
𝐾𝜆
𝛽𝐶𝑜𝑠𝜃
) where d is the mean 
crystallite size, K is dimensionless shape factor, λ is the X-ray wavelength, β is the line 
broadening at full width half maximum (FWHM) of the peak and θ is Bragg angle. 
The temperature-programmed desorption using CO and O2 (CO-TPD and O2-TPD, 
respectively) and CO chemisorption measurements were completed on a BELCAT II 
chemisorption apparatus. For these measurements, the catalyst surface was pre-treated 
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by keeping 25-30 mg of the catalyst sample at 150 and 200 ℃ for half an hour under 
inert atmosphere (helium (He) flow of 30 mL/min) for CO chemisorption and for CO- 
and O2-TPD respectively. For CO- and O2-TPD, the sample was subsequently cooled 
to ambient temperature and 10%CO/He (30 mL/min) and 5%O2/He (30 mL/min) were 
injected for 1 hr followed by injection of He (30 mL/min) for 30 min to remove any 
remaining CO or O2. Then, the sample temperature was raised to 500 ℃ at 10°C/min 
using 30 mL/min flow of He. In the case of CO chemisorption, 10%CO/He (30 
mL/min) was injected in pulses until surface saturation was reached. Thermal 
conductivity detector (TCD) was used to monitor the outlet signal of BELCAT II.  
Ultraviolet visible diffuse reflectance spectroscopy (UV-Vis DRS) measurements were 
performed using integrating sphere attachment in Cintra 404 (GBC Scientific 
Equipment) spectrophotometer with Spectralon as a reference. 
3.3.3 Catalytic activity 
The CO oxidation reaction was carried out in a fixed bed tubular reactor. The catalyst 
was placed in quartz wool, and the temperature of the catalyst bed was monitored using 
a k-type thermocouple. A total of 0.2 g of each catalyst was loaded into the reactor, and 
reaction feed gas (20 mL/min) containing 1% CO and 10% oxygen balanced with argon 
was flowed over the catalyst bed. The products and unconverted reactants were 
monitored by an online gas chromatograph (SRI Instruments) equipped with a flame 
ionization detector (FID) and a TCD (please refer to Appendix A for details). The CO 
conversion, rate of reaction and turnover number (TON) were calculated using the 
following equations: 
𝐶𝑂 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶𝑂𝑖𝑛− 𝐶𝑂𝑜𝑢𝑡
𝐶𝑂𝑖𝑛








                    (3.3) 
where FCO is the molar flow of CO (mol/h), XCO is the conversion of CO, m is the 
amount of the catalyst used (g), rCO is the rate of the reaction in molCO/h.gCat., and TON 
is the ratio of the moles of CO2 produced per mole of copper.  
3.3 Results and Discussion 
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3.3.1 Preparation and characterization of hexameric copper nanoclusters 
The Cu6 nanoclusters (CNCs) were successfully prepared by following the already 
reported procedure of C.F. Albert [47]. The crystal structure was characterized using 
single crystal X-ray diffraction (SC-XRD) by selecting a single crystal of CNCs sample. 
The SC-XRD results of as-synthesized crystal were compared with the reported 
literature as shown in Table 3.1.  
Table 3.1 Comparison of single crystal XRD data of as-synthesized CNCs with data 






Formula Cu6P6C111H102O0.75 Cu6P6C110H100O0.5 
Formula weight 2014.9 1997.1 
Crystal system monoclinic monoclinic 
Temperature/K 120 295 
Space group P21 P21 
a/Å 14.3 (10) 14.5 (10) 
b/Å 16.0 (10) 16.2 (9) 
c/Å 21.4 (10) 21.5 (5) 
β/deg 92.1 (10) 91.4 (3) 
V/Å3 4888 (5) 5049 (4) 
Dc/g cm-3 1.4 1.3 
µ/mm-1 2.7 1.3 
a Taken from Albert et al. [47] 
It can be seen that crystal structure is different from the reported structure by means of 
the amount of THF. Using the same space group of P21, crystal parameters are 
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evaluated as a = 14.3 (10) Å, b = 16.0 (10) Å, c = 21.4 (10) Å, β = 92.1 (10)°, V = 
4888.2 (5) Å3, ρ = 1.4 gcm-3, µ = 2.7 mm-1. The difference between the literature [47] 
and the current findings is due to the temperature difference used for SC-XRD which 
is 120K in our case. The powder XRD (PXRD) of CNCs is shown in Figure A2 is 
supporting information. The CNCs were further subjected to thermal treatment using 
thermogravimetric analysis (TGA) to estimate the temperature needed for the removal 
and/or thermal stability of organic ligands attached to copper. Figure 3.1 shows the 
graph of weight loss versus temperature and it can be seen that the ligands are 
completely removed at a temperature above 250 °C. It is interesting to note that initially 
slight weight loss is observed at around 150 °C which depicts the removal of surface-
bonded THF followed by removal of phosphine ligand. The slight increase at the end 
of the peak may be ascribed to nitride formation or oxidation which is not 
experimentally confirmed. 
 
Figure 3.1. TGA profile for pure CNCs 
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3.3.2 Characterization of catalysts before reaction  
In order to assess the thermal stability and loss of ligand under reaction conditions, the 
same concentration of air was used in the thermo-gravimetric analysis (TGA). Figure 
3.2 shows that the increase in temperature under air showed slight weight loss for 
0.15CT (⁓2%) and 0.75CT (4%) catalysts but a significant weight loss in case of 5CT 
(27%). The TGA results are reported from 120 to 400 °C to observe the thermal stability 
behaviour of the catalysts under air and more specifically ligand removal. The weight 
loss for all catalysts started above 200 °C which means at or below this temperature, 
the ligand was intact and catalysts had copper in the cluster form. Based on TGA results, 
it can be predicted that 0.15CT catalyst exhibits higher thermal stability as compared 
with the other counterparts. 
 
Figure 3.2. TGA profiles for xCT catalysts [x = 0.15-5 wt%Cu] 
The identification of crystalline nature or phase of the as-synthesized catalysts, powder 
X-ray diffraction (PXRD) analysis was carried out. From PXRD patterns (Figure 3.3), 
the characteristic peaks of copper or copper oxide are not detected which is due to the 
smaller crystallite size and fine dispersion of CNCs over the support surface [48]. The 
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diffraction peaks at 2θ = 25, 37, 48, 54 and 56° are the characteristic peaks of anatase 
phase [49] and the peaks at 2θ = 28, 35, 42 and 63° are assigned to rutile phase of TiO2 
[50]. 
 
Figure 3.3. XRD patterns of xCT catalysts [x = 0.15-5 wt%Cu] 
UV-Vis DRS results for CNC supported on TiO2 are shown in Figure 3.4. The 
absorbance spectra (λ ⁓410 nm) for bare support and supported catalysts show that all 




Figure 3.4. UV-Vis DR spectra for fresh xCT catalysts [x = 0.15-5 wt%Cu] 
In addition to light absorption, the absorbance profiles also indicate the absence of 
typical surface plasmon resonance peak for nanoparticles, appearing at around 560 nm, 
for all the catalysts ruling out the presence of large copper nanoparticles after deposition 
of CNCs over TiO2 support [51]. Despite high Cu loading contents (5CT), these results 
suggest that Cu active species are still in the form of nanoclusters. 
The metal-support interaction is one of the important parameters which plays its role in 
catalytic performance and is depicted by temperature-programmed reduction using 
hydrogen (H2-TPR). The H2-TPR profiles of fresh catalysts did not show any reduction 
peak at lower copper loadings up to 0.30CT while 0.75CT catalyst presented one peak 
near 240 ℃ and 5CT catalyst exhibited three shoulders at around 185, 275 and 335 ℃.  
The peak at 240 ℃ in case of 0.75CT catalyst corresponds to the reduction of crystalline 
CuO species [52]. It is interesting to note that this peak is shifted to higher temperature 
(275 ℃) when copper contents are further increased to 5 wt%. Furthermore, two 
additional peaks are observed for 5CT catalyst at 185 and 335 ℃. These peaks are 
assigned to the reduction of Cu2O species weakly interacting with the support [53] and 
bulk CuO species interacting strongly with the support [52]. 
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The particle size, metal dispersion, and metal surface area are important factors 
influencing the catalytic performance of the catalysts during the reaction. These 
parameters are found using CO chemisorption by BELCAT II system. Generally, CO 
or N2O are used as probe gases to study chemisorption for Cu site measurements. N2O 
chemisorption requires oxygen uptake by Cu0 sites and thus any unreduced Cu sites are 
not taken into account [54]. Moreover, the variations in (a) the temperature of copper 
oxide reduction to Cu0 and (b) the temperature of N2O reduction i.e., Cu
0 oxidation to 
Cu+, affect the Cu sites measurements. These concerns limit the use of N2O as probe 
gas in our work and therefore, CO chemisorption was used for Cu site characterisation. 
The chemisorption results in Table 3.2 show that the increase in Cu contents, from 0.15 
to 5 wt%, showed the decrease in copper dispersion and copper surface area per gram 
of copper. The 0.15CT catalyst exhibits Cu dispersion of 59.1% which is around 12 
times higher than that of 5CT catalyst (5.1%). Furthermore, the average particle 
diameter for 0.15CT catalyst (1.77 nm) is around 5 times smaller than 0.75CT (9.59 
nm) and this gap further increases when Cu loading is increased to 5 wt% (20.5 nm). 
The increase in copper particle diameter and reduction in dispersion with increase in 
Cu loading can be assigned to metal agglomeration.  
The nature of metal-support interfacial sites and extent of interaction between CO and 
catalyst surface was measured using CO-TPD as shown in Figure 3.5. CO-TPD profiles 
for all catalysts can be divided into, at least, two regions i.e., the low-temperature region 
(LTR) ranging from 60 to 245 °C and the high-temperature region (HTR) lies in the 
temperature array of 250 to 460 °C. 
In the LTR, CO-TPD for 0.15CT catalyst exhibited broader desorption peak at around 
155 ℃ and this peak shifts to ⁓175 ℃ when copper contents are increased from 0.15 
to 0.75 wt%. It is interesting to note that the peak maximum is almost the same (⁓175 
℃) for 0.75 and 5CT catalysts which indicates the similar nature of the adsorption sites 
for both of these catalysts. The relatively lower desorption peak temperature (155 ℃) 
in case of 0.15CT implies that CO desorbs easily form the surface of this catalyst as 
compared with other catalysts and thus this catalyst offers weaker adsorption sites 
which could be assigned to smaller Cu particle size for this catalyst. The desorption 
peak temperature is an indication of desorption activation energy [55]. 
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0.15CT 0.0851 59.1 0.572 381.1 1.77 
0.75CT 0.0381 10.8 0.526 70.1 9.59 
5CT 0.0226 5.1 1.64 32.8 20.5 
Spent 0.15CT 0.0073 53 0.513 341.9 
1.97 
(13.1)* 
Spent 0.75CT 0.0052 4.9 0.318 31.8 
21.1 
(26.3)* 
Spent 5CT 0.0041 1.7 0.533 10.7 
63.1 
(42.5)* 




Figure 3.5. CO-TPD profiles for fresh (a) 0.15CT, (b) 0.75CT and (c) 5CT catalysts 
The increase in desorption peak temperature for 0.75 and 5CT catalysts indicates that 
higher Cu contents enhanced the activation energy of CO desorption.  
In the HTR, all the catalysts also exhibited desorption peak(s), which is assigned to CO 
adsorption on stronger adsorption sites. The desorption peak temperature follows the 
same trend as in the LTR and increases from 290 to 305 ℃ when Cu contents vary from 
0.15 to 0.75 wt%. It is noteworthy that 5CT catalyst exhibited two desorption peaks at 
around 350 and 400 ℃ respectively, which can be assigned to the presence of more 
than one type of Cu active sites interacting differently with CO.  
Overall, the area under the curve of CO-TPD represents the CO coverage i.e., the 
amount of CO adsorbed. CO coverage is found to be increasing when copper contents 
are increased from 0.15 to 5 wt% (Table 3.3). For instance, 0.15CT catalyst showed CO 
uptake of 0.103 mmol/g in the LTR which increased to 0.226 mmol/g for 5CT catalyst. 
This increase in the CO coverage shows that more adsorption sites are generated with 
the increase of copper amount. 
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Table 3.3 Quantitative results of CO- and O2-TPD for xCT catalysts. 
Sample 
CO uptake [mmol/g] O2 uptake 
[mmol/g] LTR HTR 
0.15CT 0.103 0.179 0.19 
0.75CT 0.135 0.226 0.17 
5CT 0.226 0.277 - 
 
O2-TPD results shown in Figure 3.6 exhibit the adsorption behaviour of oxygen over 
catalysts. The catalysts have only one distinct peak in the temperature range of 60 to 
310 °C. The 0.15CT catalyst exhibited broad desorption peak at around 180 ℃. The 
0.75CT catalyst showed distinct and broader desorption peak which shifted to slightly 
higher temperature i.e., 190 ℃. It can be assigned to oxygen species chemically 
adsorbed on the surface [56]. Interestingly, the peak height in case of 0.15CT catalyst 
is found to be more than that of 0.75CT catalyst, which demonstrates that more of O2 
was adsorbed onto 0.15CT catalyst. For instance, O2 uptake of 0.17 mmol/g was 




Figure 3.6. O2-TPD profiles for fresh 0.15 and 0.75CT catalysts 
The desorption of the CO2 product is another important factor which influences the 
catalytic activity, reaction temperature or reaction mechanism [33, 57]. The study of 
product i.e., CO2 desorption, at least, within the reaction temperature range also gives 
an insight of catalyst affinity towards the product. CO2-TPD results of 0.30CT and 
0.75CT catalysts are shown in Fig. 3.7. It is obvious from desorption profiles that CO2 
starts desorbing from the catalyst surface at as low temperature as 60 ℃ for both 
catalysts. Both catalysts exhibit two desorption peaks between 60 to 360 ℃. The 
desorption peak maxima for 0.30CT catalyst is found to be 170 ℃ which shifts to lower 
temperature for 0.75CT catalyst depicting weaker adsorption of CO2 over high loading 
catalyst. Similarly, the high temperature desorption peak presents maxima at 290 ℃ for 
0.30CT catalyst which again shows the weaker adsorption for high loading catalyst 
(0.75CT) and peak maxima shifts to 285 ℃. It is reported that CO2, when is weakly 
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adsorbed, do not influence the variation in reaction temperature [57]. CO2 is also found 
to react with surface Cu nanoclusters oxide species and forms CuCO3 which inhibits 
the CO oxidation reaction [33]. This discussion follows that weak CO2 desorption 
facilitates CO oxidation reaction (which will be discussed later). 
 
Figure 3.7 CO2-TPD profiles for fresh (a) 0.30CT and (b) 0.75CT catalysts 
3.3.3 CO oxidation reaction and kinetics over xCT catalysts 
Herein, we demonstrate the catalytic performance of these catalysts for CO oxidation 
at atmospheric pressure in the temperature range of 100 – 250 °C. The catalytic 
performance results are shown in terms of CO conversion and turnover number versus 
time in Figure 3.8 and 3.9, respectively. In our study, we focused on the effect of 
varying copper nanoclusters contents, from 0.15 to 5 wt%, on the activity performance 
of the catalysts in the CO oxidation reaction. The activity test performed using the bare 
support showed no CO conversion in the above-mentioned temperature range and 
therefore ruled out any role of support during the reaction. Moreover, instability of 
copper under the oxidative environment is well known [58] and thus unsupported CNC 
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cannot be tested for CO oxidation reaction. Interestingly, deposition of CNC onto TiO2-
P25 resulted in an increase in CO oxidation activity as compared with unmodified 
support. The catalytic performance in terms of CO conversion versus temperature 
showed the activity increased linearly with the increase in copper contents (Figure 3.8). 
For instance, at 188 ℃, 0.15CT catalyst showed CO conversion of around 6%, while 
5CT catalyst exhibited more than three-fold higher CO conversion of cf. 0.15CT. 
Interestingly, CNC anchoring onto TiO2-P25 was so effective that even small contents 
of copper (0.15 wt%) exhibited a noticeable CO2 formation. This significant increase in 
activity can be assigned to the formation of metal-support interface giving rise to active 
sites enhancing the conversion of CO into CO2. 
 
Figure 3.8. CO conversion versus temperature for xCT catalysts [x = 0.15-5 wt%Cu] 
To further explore the effect of metal loading over time, the catalytic tests were 
conducted at 200 ℃ for 8 h time-on-stream. The activity results in terms of turnover 
number (TON), in Figure 3.9, clearly demonstrate the stability of catalysts with 
different loadings of copper. 0.15 and 0.30CT catalysts presented excellent stability for 
reaction duration of 8 h while higher loading catalysts i.e., 0.75CT and 5CT catalysts 
showed deactivation over time. These results suggest that copper loading up to 0.30 
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wt% is the threshold limit for stable catalytic performance. The cause of deactivation is 
explored by the characterization of the catalysts after reaction as explained in section 
3.4. 
 
Figure 3.9. Turnover number versus time for xCT catalysts [x = 0.15-5 wt%Cu] 
The kinetic study over 0.15 and 0.75CT catalysts was performed at 200°C. The 
logarithmic plots of rate of reaction versus partial pressures of CO and O2 are 
demonstrated in Figure 3.10 (a) and (b) respectively. It can be observed that the rate of 
reaction increased with partial pressures of CO and O2 in the feedstock for 0.15CT 
catalyst. 0.75CT catalyst, on the contrary, showed an increase in the rate of reaction 
with increase in initial partial pressure of O2 but decrease in the rate of reaction with 
initial partial pressure of CO. The decrease in the rate of reaction with respect to CO in 
0.75CT catalyst can be ascribed to stronger adsorption of CO with the catalyst surface 
and/or reduction of copper oxide species to metallic copper which might promote metal 
sintering and thus loss of activity. From the plots in Figure 3.10 (a) and (b), the order 
of reaction with respect to CO and O2 could be evaluated. For 0.15CT catalyst, the 
orders were found to be 0.22 and 0.37 with respect to CO and O2 respectively. On the 
contrary, 0.75CT catalyst presented the CO and O2 kinetic orders of 0.19 and 0.30 
60 
 
respectively. The Arrhenius plot shown in Figure 3.10 (c) was used to calculate the 
apparent activation energies over 0.15CT and 0.75CT catalysts and values were found 
to be 14.1 and 27.9 kJ/mol respectively. These values are lower than the reported values 
in the literature for Cu supported on TiO2 by photo-deposition (PD) and impregnation 
(IMP) techniques (33.1 and 59.2 kJ/mol for Cu-TiO2-PD and Cu-TiO2-IMP 
respectively) [59]. 
 
Figure 3.10. Kinetic results and Arrhenius plots for CO oxidation over 0.15CT 
(hollow symbols) and 0.75CT catalysts (filled symbols) 
Based on the kinetic results, the reaction mechanism can be proposed for 0.15CT and 
0.75CT catalysts. Generally, three reaction models are reported in the literature [60] 
including Mars van-Krevelen (MVK) model, Eley Rideal (ER) model and Langmuir-
Hinshelwood (LH) model. Among these models, MVK model presents the rate equation 
which is 0 order with respect to O2 partial pressure [61] while ER model presents the 
rate equation which is 1st order with respect to O2 partial pressure [16]. Therefore, these 
models can be excluded as the kinetic results of this work, as obtained, are inconsistent 
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with these models. Moreover, in order to investigate the role of lattice oxygen of 
reducible TiO2 support, these catalysts were tested without oxygen and results showed 
no formation of CO2 despite loss in CO concentration i.e., CO chemisorbed on the 
surface, but did not react with oxygen species from TiO2 to form CO2. Hence, LH model 
must be considered in which, assuming non-competitive adsorption, CO chemisorbs on 
Cu active sites while O2 adsorbs on the support and both chemisorbed species react on 
the Cu-TiO2 interface to form CO2. The following steps can be proposed: 
 𝐶𝑂 + 𝐶𝑢∗ → 𝐶𝑢∗ − 𝐶𝑂                 (3.4) 
𝑂2 + 𝑇𝑖𝑂2
∗ → 𝑇𝑖𝑂2
∗ − 𝑂2                 (3.5) 
𝐶𝑢∗ − 𝐶𝑂 + 𝑇𝑖𝑂2
∗ − 𝑂2 → 𝐶𝑢
∗ − 𝐶𝑂2 + 𝑇𝑖𝑂2
∗ − 𝑂             (3.6) 
𝐶𝑢∗ − 𝐶𝑂 + 𝑇𝑖𝑂2
∗ − 𝑂 → 𝐶𝑢∗ − 𝐶𝑂2 + 𝑇𝑖𝑂2
∗
              (3.7) 
𝐶𝑢∗ − 𝐶𝑂2 → 𝐶𝑢
∗ + 𝐶𝑂2                 (3.8) 
Among the steps (4) to (8), step (6) is the rate determining step (RDS). The 
chemisorption of CO or O2 cannot be considered RDS as this would require rate 
expression to be first order with respect to CO or O2 [48] which contradicts the kinetic 
findings in this work. The chemisorption of both CO and O2 is confirmed by CO- and 
O2-TPD. In order to ensure the surface reaction to be RDS, we varied initial partial 
pressure of CO and evaluated initial rate of reaction (IRR) (Figure A3 and A4 in the 
Appendix C). The graph between IRR and CO initial partial pressure elucidates whether 
the reaction is adsorption, desorption or surface reaction limited. It can be seen from 
Figure A5 (in the Appendix C) that the graphical trend depicts the reaction is surface 
reaction limited and hence rules out any role of adsorption or desorption to be RDS. It 
concludes that both the catalysts follow LH reaction mechanism. 
3.3.4 Post-reaction Characterization 
In order to substantiate the argument of deactivation due to metal particles sintering 
during the reaction, the catalysts were characterized after reaction. CO chemisorption, 
UV-Vis DRS and XRD patterns of spent catalysts are shown in Table 3.2, Figure 3.11 
and 3.12 respectively. CO chemisorption results of spent catalyst showed loss of 
dispersion and increase in particle size. The dispersion of 0.15CT catalyst decreased 
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from 59.1% to 53%. The particle size of 5CT (63.1 nm) catalyst after reaction increased 
three times that of the fresh catalyst (20.5 nm).  
The surface plasmon resonance (SPR) peak, for copper nanoparticles, is reported to be 
in the wavelength range of 560-760 nm [51] while SPR peaks for Cu2O and CuO are 
found to be in the range of 540-750 and 540-860 nm respectively [62]. Moreover, the 
exact position of SPR peak depends upon the size and aspect ratio of the particle.  
 
Figure 3.11. UV-Vis DR spectra for spent xCT catalysts [x = 0.15-5 wt%Cu] 
The SPR peak at ⁓570 nm indicates the presence of larger, plasmonic nanoparticles as 
a result of sintering during reaction over all the catalysts. The identification of copper 
oxides in XRD of spent catalysts (Figure 3.12 discussed later) suggests that sintered 
nanoparticles are copper oxides. The intensity of surface plasmon resonance peak 
increases with increasing amount of copper depicting catalysts with higher copper 
contents (0.75 and 5 wt%) are more prone to sintering than lower loading catalysts (0.15 
wt%). 
XRD patterns of spent catalysts (Figure 3.12) show the presence of copper oxides 
unlike fresh catalysts confirming the agglomeration of copper oxide particles during 
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reaction. In addition to typical diffraction profiles of anatase and rutile, the peaks for 
Cu2O and CuO are also detected. The diffraction peak near 43° is difficult to distinguish 
between anatase (PDF# 21-1272) and Cu2O (PDF# 34-1354) but absence of CuO 
(PDF# 44-0706) peak in 0.15CT catalyst near 45° is obvious. 
 
Figure 3.12. XRD patterns of spent xCT catalysts [x = 0.15-5 wt%Cu] 
As mentioned earlier, pure CNCs are unstable under oxidative atmosphere and TiO2-
P25 support cannot convert CO into CO2. The formation of the metal-support interface 
is most likely the active centre for the reaction to proceed [48, 63]. The CO 
chemisorption data shows that increase in copper contents from 0.15 to 5 wt% results 
in loss of dispersion which is ascribed to the metal agglomeration naturally occurring 
as metal particles are easily attracted to each other at higher metal loadings. Moreover, 
the Huttig temperature is the temperature which causes significant mobility of surface 
atoms [64, 65]. The Huttig temperature for copper oxide nanoparticles is 229 (502 K) 
and 260 ℃ (533 K) for Cu2O and CuO respectively [64]. Although the reaction 
temperature of 200 ℃ is below Huttig temperature of copper oxides, long term 
exposure at this temperature would tend nanoparticles to aggregate at higher copper 
loadings.  It can also be seen from CO-TPD results that increase in copper content 
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showed an increase in CO adsorption due to the presence of more copper species in the 
case higher loaded catalysts and, thus, CO conversion increases with increase in copper 
content. The drawback of higher loading catalysts is the long term instability due to the 
as metal agglomeration becomes even more severe during the reaction. The 
characterisation using UV-Vis DRS and XRD after long term reaction test also show 
the increase in metal particle size. The crystallite size based on Cu2O peak, measured 
using Scherrer equation, is presented in Table 3.2 and increase in particle size is 
obvious. For instance, 0.15CT catalyst exhibits particle size of 1.97 nm after reaction 
and crystallite size of 13.1 nm as compared with 1.77 nm before reaction. It has been 
reported that the change in particle size affects the oxidation state of copper which in 
turn influences the distribution of these oxides on the surface of the catalyst [66]. The 
presence of CuO in 0.75CT and 5CT catalysts, as indicated in XRD patterns of used 
catalysts (Figure 3.12), is another factor behind the deactivation of these catalysts over 
time due to the fact that CuO is less active than Cu2O and Cu
0 for CO oxidation reaction 
[67]. 
The chemical adsorption of CO and O2 found using CO- and O2-TPD corroborates with 
the proposed kinetic model of LH which requires adsorption of both reactants before 
they react on the Cu-TiO2 interface to generate CO2. Moreover, the influence of CO 
and O2 partial pressures over reaction rate revealed positive impact of both reactants 
over reaction rate of both 0.15CT and 0.75CT catalyst.  
3.4 Conclusions 
The investigation of novel catalysts - CNCs anchored on TiO2-P25 for CO oxidation 
reaction revealed the significance of the size-activity threshold for the copper loading 
contents between 0.15 and 5 wt%. The excellent dispersion and high copper surface 
area, as depicted by CO chemisorption, UV-Vis DRS and XRD, remained key factors 
behind the stable catalytic performance of lower loading catalysts. 0.15 and 0.30CT 
catalysts remained stable over 8 h time-on-stream revealing copper size-activity 
threshold. The stability of these catalysts was assigned to the smaller particle size and 
stronger metal-support interaction which prevented particle agglomeration and growth. 
On the contrary, 0.75 and 5CT catalysts showed metal particles migration and sintering 
which eventually ended in catalyst deactivation. The metal particles’ sintering was 
further confirmed by post-reaction CO chemisorption, UV-Vis DRS and XRD. The 
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presence of CuO over higher loading catalysts was found to be another factor behind 
deactivation of these catalysts over time. The kinetic study revealed that 0.15CT and 
0.75CT catalysts followed LH mechanistic model. The reaction was surface reaction 
limited as confirmed by the experimental data obtained from initial reaction rates and 
initial CO partial pressures. The apparent activation energies and reaction orders with 
respect to CO and O2 were found to be 14.1 kJ/mol, 0.22 and 0.37 (0.15CT catalyst); 
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Chapter 4  
Synthesis of TiO2 nanotubes and nanorods 
4.1 Introduction 
The study of nanomaterials with a focus on their shape, size, crystal structure and 
morphology and surface properties has been an area of recent research. The idea to 
study these parameters is to tailor these materials for specific applications. The other 
aspect of such materials is the difference of their chemical and physical properties from 
the bulk materials. The discovery of various nanomaterials including nanotubes, 
nanofibers, nanorods, nanowires and nanobelts based on different oxides such as tin 
oxide (SnO2), zinc oxide (ZnO), indium oxide (In2O3), gallium oxide (Ga2O3) and 
vanadium oxide (V2O5), during the past decade has extraordinarily influenced 
researchers [1-9]. Titanium dioxide (TiO2) is a material with unique characteristics and 
applicability ranging from pigments to photo-catalysis, solar cells to sensors [10-18]. 
The wider range of applications and simple preparation procedures of titania based 
nanotubes, nanobelts, nanowires and nanorods have gained attention in recent decades 
[19-22]. The higher surface-to-volume ratio of these nano-forms makes them a better 
choice as compared to nanoparticles. TiO2 is considered as one of the promising 
supports in heterogeneous catalysis as well. The main attributes of titania as support 
include its significant band gap, reducible nature, environmental friendly, low price and 
crystal phase. TiO2 is mainly used in photo-catalysis, electro-catalysis and thermal 
catalysis due to above mentioned features. TiO2 is used as pure anatase, rutile or 
combination of both (P25). It is generally accepted that pure anatase is more active than 
rutile and P25 is in between the two [23].  
TiO2 nanotubes (TNTs) have been considered as a vital support in heterogeneous 
catalysis due to its unique characteristics including large specific surface area as well 
as pore volume, ion-exchangeability and rapid electron transport capability [24-26]. 
TNTs can be prepared using various techniques such as template method, anodic 
oxidation, sol-gel synthesis, electro-chemical synthesis and hydrothermal synthesis. 
Among these methods, hydrothermal synthesis has the advantage of large scale 
production of nanotubes with high aspect ratio as well as cation exchange capacity. 
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Hydrothermal synthesis is a simple process in which various parameters can be changed 
to control the attributes of TNTs. On the contrary, hydrothermal synthesis needs longer 
reaction times and concentrated NaOH. Furthermore, size uniformity and thermal 
stability are difficult to control in hydrothermal synthesis. The high cost and use of 
highly toxic hydrofluoric acid make template method and anodic oxidation less 
favourable in comparison with hydrothermal synthesis [24, 27-29]. According to the 
literature, the suitable hydrothermal treatment temperature range for TNTs preparation 
is 100 to 200°C [30]. Moreover, increase in hydrothermal temperature favours high 
yield, crystallinity and length of TNTs. Similarly, increasing hydrothermal duration 
favours high yield of TNTs but prolonged duration might change TNTs to nanofibers 
[31]. 
In this work, hydrothermal synthesis route is used to prepare TNTs which are later heat 
treated to get TiO2 nanorods (TNRs). The hydrothermal treatment temperature and 
duration are varied from 130 to 150 ℃ and 24 to 44 h respectively. The post-drying 
mainly amorphous nanotubes are subjected to calcination treatment to improve their 
crystallinity. The calcination temperature is varied between 400 and 800 ℃. The 
samples are characterized using XRD, SEM and TEM.  
4.2 Experimental 
4.2.1 TiO2 nanomaterials preparation 
The materials required to prepare TiO2 nanomaterials including nanotubes and 
nanorods comprised the precursor which was TiO2-P25, NaOH and HCl (please see 
Appendix A for details). 
TNTs and TNRs were prepared using hydrothermal synthesis and the already 
established procedure [32] was followed in which 5 g of TiO2-P25 was dispersed into 
100 mL of 10M NaOH solution and kept under magnetic stirring for half an hour. The 
slurry was transferred into Teflon cups (45 mL each) of stainless steel autoclave. The 
slurry was subjected to hydrothermal treatment at various temperatures (130-150°C) 
for time durations of 24-44 h to prepare nanostructures with required aspect ratio and 
crystallinity for metal deposition. The samples obtained after hydrothermal treatment 
were washed with 0.1M HCl and DI water. The samples were subsequently dried at 
120°C for 12 h followed by calcination under air at various temperatures (400-800°C) 
for 10 h. 
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4.2.2 Characterization techniques 
X-ray diffraction (XRD) profiles were recorded using a SuperNova Agilent 
technologies instrument (Cu-Kα radiation source) and all measurements were 
conducted at room temperature. The recordings were obtained for scanning range of  
20-80 using scanning step of 0.05 Scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) were performed using a JEOL 7000F FE-
SEM and Philips CM200. 
4.3 Results and Discussion 
4.3.1 Effect of hydrothermal treatment 
Figure 4.1 displays the TEM images of TNTs prepared under autoclave treatment at a) 
130°C for 48 h; b) 130°C for 72 h; c) 150°C for 24 h and d) 150°C for 44 h. The 
successful formation of TNTs is evident from TEM images and interestingly the change 
in autoclave conditions has significantly influenced the length and diameter of the 




Figure 4.1. TEM images of TNTs treated at a) 130°C for 48 h; b) 130°C for 72 h; c) 
150°C for 24 h and d) 150°C for 44 h 
Figure 4.2 shows the distribution of TNTs versus length, diameter and aspect ratio. It 
can be clearly seen that the formation of TNTs under autoclave treatment at 150°C for 
44 h exhibits nanotubes with wider range of aspect ratio. The increase in hydrothermal 
temperature and time caused an increment in the range of both particle size and length 
and thus a wide range aspect ratio TNTs were formed. It can be inferred that increase 
in hydrothermal duration increased the yield of TNTs. The results are in accordance 
with reported literature [33, 34]. Bavykin et al. [35] investigated the influence of 
various hydrothermal conditions on TNTs formation. The study of hydrothermal 
temperature in the range of 120 to 150°C revealed the increase in temperature produced 
non-hollow nanofibers. In addition, a wide distribution of diameter was observed by 
increasing the hydrothermal temperature. Tsai and Teng [36] also studied the effect of 
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hydrothermal treatment on TNTs formation and inferred the treatment temperature had 
a significant impact on TNTs formation and controlling the phase change from anatase 
to rutile. Based on the TEM results, these TNTs can be selected for next step of metal 
deposition as it can accommodate metal nanoparticles of various sizes. 
 
Figure 4.2. TNTs distribution versus diameter, length and aspect ratio 
X-ray diffraction (XRD) patterns for various TNTs are shown in Figure 4.3. The 
diffraction patterns clearly show that TNTs obtained after drying show mainly 
amorphous structure and a few new peaks appeared in case of TNTs treated at 150°C 
for 44 h as compared to other TNTs. Moreover, a mixture of anatase, rutile and titanate 
phase is identified. This result suggests that the TNTs need to be heat treated to enhance 
the crystallinity of TNTs and to assess the role of calcination temperature on the 




Figure 4.3. XRD patterns for TNTs treated under various conditions 
4.3.2 Effect of calcination temperature 
In order to improve the crystallinity of TNTs prepared, TNTs were subjected to various 
calcination temperatures i.e., 400, 600 and 800°C. TEM images of TNTs calcined at 
different temperatures showed that the nanotubes obtained after drying went through 
reversible cycle and got converted back to nanoparticles at 400 and 600°C while titania 
nanorods (TNRs) with high aspect ratio were formed at 800°C as shown in Figure 4.4-
4.6. A similar observation has been reported in the literature according to which 
calcination temperature may cause nanotubes collapse back to nanoparticles [37]. Guo 
et al. [38] synthesized TNTs using 2 g of TiO2-P25 in 100 mL of 10M NaOH followed 
by hydrothermal treatment at 150°C for 24 h. The as-synthesized TNTs were calcined 
at various temperatures i.e., 110, 350, 500 and 700°C. The results indicated calcination 
temperature had a profound impact on TNTs and TNTs calcined at 350°C started to 
shorten as compared to TNTs calcined at 100°C. Further increase in calcination 
temperature to 500°C transformed TNTs into TNRs which broke into particles at 
calcination temperature of 700°C. The collapse of tubular structure was assigned to loss 
of interlayered OH groups. Razali and his teammates [39] utilized same hydrothermal 
conditions as of Guo et al. [38] and investigated the influence of pH as well as 
calcination temperature on as-prepared titanate nanotubes (TTNTs). They inferred the 
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TTNTs with pH 12 were mainly sodium titanate nanotubes which had better thermal 
stability in comparison with hydrogen titanate nanotubes obtained at pH of 7. The 
change in calcination temperature from 300 to 700°C revealed collapse of tubular 
structure to nanoparticles in case of hydrogen titanate nanotubes while sodium titanate 
nanotubes were transformed into TNRs at calcination temperature of 700°C. 
Based on the findings and discussion above, the hydrothermal conditions of 150°C for 
44 h and calcination temperature of 800°C were selected for further investigation of 
reaction testing and role of metal deposition on TNRs obtained at above mentioned 
conditions. 
 









Figure 4.6. TEM images of TNTs calcined at 800°C 
The surface morphology of TNTs calcined at 800°C was also investigated using 
scanning electron microscope (SEM). Figure 4.7 presents SEM images of TNTs 
calcined at 800°C. It can be seen that well defined TNRs with a range of aspect ratio 





Figure 4.7. SEM images of TNTs calcined at 800°C 
In addition to preserving the shape of nanotubes or nanorods, the other important 
criteria is to have a crystalline structure. XRD patterns of TNTs for different calcination 
temperatures are presented in Figure 4.8. It can be seen that increase in calcination 
temperature has a significant impact on crystalline phases of titania. Since titania P25 
comprises mixture of 80% anatase and 20% rutile, increase in calcination temperature 
is generally expected to transform anatase into rutile. So, as calcination temperature 
was raised from 100 to 800°C, the diffraction peaks for anatase started to become sharp 
and anatase transformation into rutile was observed by increasing intensity of rutile 
peaks. For instance, the intensity of typical anatase diffraction peak at around 25° drops 
as the calcination temperature is raised at the expense of increase in the intensity of 
rutile peak appearing at 27.5°. The similar findings have been reported in the literature 





Figure 4.8. XRD patterns for TNTs calcined at various temperatures 
4.4 Conclusions 
The preparation of titania nanostructures including nanotubes and nanorods was 
successfully achieved using hydrothermal synthesis. The effect of hydrothermal 
treatment parameters such as time and temperature revealed that a wide range of aspect 
ratio can be obtained for a hydrothermal duration of 44 h at 150 ℃. The study of the 
effect of calcination temperature ranging from 400 to 800 ℃ showed a mix of 
nanotubes and particles at calcination temperatures of 400 and 600 ℃. The calcination 
temperature of 800 ℃ resulted in uniform titania nanorods. XRD patterns showed the 
transformation of anatase to rutile as calcination temperature varied between 400 and 
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Chapter 5  
Catalytically active interfaces in titania nanorod-
supported copper catalysts for CO oxidation 
5.1 Introduction 
Air quality control has become a primary concern in recent years, and the transport 
industry mainly generates environmentally hazardous gases, including carbon 
monoxide. The concept of automotive catalytic converters has had a significant impact 
on pollution reduction. The development of catalysts to effectively treat exhaust gas at 
lower temperatures has been the focus of research in recent years [1, 2]. Apart from air 
quality control, CO oxidation is involved in industrial chemical processes, including 
water gas shift, methanol synthesis, CO hydrogenation and CO oxidation by NO [3, 4]. 
Metal oxides, including various reducible and nonreducible oxide supports, such as 
ceria (CeO2), alumina (Al2O3), silica (SiO2), titanium dioxide/titania (TiO2) and 
zirconia (ZrO2) [1, 5-10], and multiple noble metals, including gold (Au), platinum 
(Pt), palladium (Pd), and silver (Ag), have been reported for CO oxidation [8, 11-14]. 
However, the high cost and low abundance of noble metals are limiting factors in their 
commercial application [6, 9, 15-17]. Moreover, because of their relative lack of 
thermal stability, these materials are often prone to sintering during reactions at high 
temperatures, which leads to the loss of surface area and a decrease in activity or change 
in selectivity due to disproportionate site types. Supported catalysts are able to disperse 
and stabilize catalytically active components on a support against sintering effectively.  
Among the widely used metal oxides in heterogeneous catalysis, titania is an 
environmentally friendly support with distinguishing features such as nontoxicity and 
economic viability [18]. The morphology of the support material is found to play a 
pivotal role in the catalytic activity. Nanostructured supports, such as ceria nanorods, 
ceria nanocubes and carbon nanotubes, are reported to give excellent performance in 
CO oxidation [5, 6, 18]. In particular, titania nanotubes offer a high specific surface 
area, ion exchangeability and rapid electron transfer. High-temperature calcination of 
titania nanotubes results in a change in morphology to nanorods, and thus, the specific 
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surface area is significantly decreased. Despite the change in morphology, the ion 
exchangeability and electron transfer capability of the titania are still able to influence 
the interaction between the metal and the support, which in turn influences the catalytic 
performance. Camposeco et al. [19] synthesized titania nanotubes and nanoribbons with 
a high specific surface area by a hydrothermal technique and compared the as-
synthesized titania nanotubes with titania nanocrystals for use in CO oxidation. The 
results revealed that the support stability, size, mesoporosity and morphology had a 
substantial influence on the performance. The layered and scrolled titania nanotubes 
demonstrated higher catalytic activity than nanorods and nanopowders, which showed 
insignificant activity at reaction temperatures as high as 250 °C. 
The catalytic activity of a supported catalyst is influenced by various factors, such as 
specific surface area, type of support material, crystalline structure, metal-support 
interaction/interface, interaction between the probe gas and the catalyst surface, 
preparation method, number of available active sites, and number of reducible species 
[20-28]. Copper, as an active metal, plays a significant role in the carbon monoxide 
(CO) oxidation reaction owing to its promising features, including high activity in both 
the oxide and metal-only forms and relatively low cost compared with noble metals 
[18, 29, 30]. The study of CO oxidation over copper oxide deposited on titania 
nanotubes and titania nanoparticles has revealed that the titania nanotube-supported 
catalyst induced a strong metal-support interaction, which contributed to enhanced 
copper oxide dispersion over the support surface. Moreover, titania nanotubes offer a 
high specific surface area, and these factors significantly influence the catalytic 
performance of catalysts based on copper oxide deposited on nanotubular supports [18].  
In a recent study by Lykaki et al. [1], surface defects in ceria-supported copper-based 
catalysts were explored in CO oxidation reactions. Ceria supports with different 
morphologies, including nanoparticles, nanocubes and nanorods, were synthesized 
using a hydrothermal technique. The ceria nanorods exhibited better catalytic 
performance than nanocubes and nanoparticles owing to the presence of more structural 
defects and oxygen vacancies on ceria nanorods. Hossain et al. [5] investigated the 
effect of the support structure on CO oxidation using silica nanospheres and ceria 
nanorod-supported CuOx catalysts. The reducibility of the support, the metal-support 
interaction and interfacial species were shown to influence the performance of the 
catalyst. The reduction treatment and catalytic results showed that copper deposited on 
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ceria nanorods, oxidized and reduced at 400 °C, exhibited CO conversions of 92 and 
100%, respectively, compared with CO conversions of 68 and 72%, respectively, in the 
case of copper deposited on silica nanospheres. The interactions between CuOx species 
and the ceria nanorod surface were the main contributors to the excellent catalytic 
performance. The same group of researchers compared the catalytic activity between a 
Cu-O-Ce solid solution and CuO deposited onto ceria nanorods at various 
concentrations [31]. The catalysts were analyzed in oxidation-reduction cycles to probe 
the influence of metal-support interactions. Ceria nanorods with surface defects had 
strong interfacial interactions with CuO species, and the interactions caused formation 
of oxygen vacancies on the resulting catalyst surface. 
Structural sensitivity is an important factor in CO oxidation reactions. It is assumed that 
CO and oxygen adsorb on the surface vacancy sites of TiO2 rather than on terraces or 
steps [8, 21]. Titania nanorods offer surface vacancy sites and high aspect ratios [8]. 
Moreover, the metal-support interface in supported catalysts is found to be the active 
center for the CO oxidation reaction [23]. However, detailed investigations on the 
synergy between titania nanorods and copper species, as well as their catalytic 
implications, have not been reported. Considering the impact of one-dimensional 
nanostructured supports in CO oxidation, the current work aims to present the role of 
titania nanorods prepared using hydrothermal synthesis with various copper loading in 
CO oxidation. The metal-support interaction, surface reducibility, surface 
chemisorption and surface energy of the as-synthesized catalysts were investigated to 
probe the catalytic viability. This work also investigates the catalytic consequences of 
different metal-support interfaces, as well as possible reaction mechanisms over 
supported and unsupported catalysts. 
5.2 Experimental 
5.2.1 Catalyst preparation 
For chemical details, please refer to Appendix A. Titania nanorods were synthesized 
using hydrothermal synthesis as reported by Kasuga et al. [32]. Five grams of titanium 
dioxide (TiO2-P25) was dispersed in 100 mL of 10 M NaOH solution, and the slurry 
was kept under magnetic stirring for half an hour before it was transferred into an 
autoclave for hydrothermal treatment at 150°C for 44 h. The solid obtained was washed 
with 0.1 M HCl and deionized water several times to remove impurities. The solid was 
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filtered and dried at 120°C for 12 h and finally calcined at 800°C for 10 h to obtain 
titania nanorods. 
The copper was deposited on titania nanorods (TNRs) using deposition-precipitation. 
In a typical procedure to synthesize 1 gram of 7.5 wt% copper supported catalyst, 0.235 
grams of copper acetate monohydrate were dissolved in 100 mL of deionized water 
until a clear solution was obtained followed by the addition of 0.925 grams of the 
support (titania nanorods, TiO2-P25, silica and alumina) into the copper-containing 
aqueous solution under magnetic stirring. Sodium carbonate solution (1 M) was added 
dropwise until a pH of 9-10 was attained. The slurry was kept under stirring for 20 h 
before it was centrifuged, decanted and washed three times with deionized water. The 
washed sample was dried at 120°C for 12 h and finally calcined at 400°C for 5 h. The 
similar procedure was utilized to synthesize catalysts with copper contents varying 
between 2.5 and 12.5 wt%. The catalysts were designated as xCu-S, where x represents 
the copper content in wt% and S represents the support type (i.e, TNR = titania 
nanorods, TiO2 = TiO2-P25, Al2O3 = alumina, SiO2 = silica). 
5.2.2 Catalyst characterization 
X-ray diffraction (XRD) patterns were recorded using a Philips PW1700 X-ray 
diffractometer (Co-Kα radiation source). The recordings were obtained for scanning 
range of  20-80 using scanning step of 0.05 MPI Jade® software was utilized for 
XRD data analysis. Refinement of the XRD pattern was carried out using the X’Pert 
Highscore Plus software. The software allows the separation of Kα1 and Kα2 peaks 
during the refinement procedure. The crystallite size was calculated exclusively based 
on the Kα1 peak and applying the Scherrer equation, Kλ/(βcosθ), where K is the shape 
factor taken as 0.89, λ is the Co Kα1 wavelength (1.78901 Å), β is the full width at half 
maximum (FWHM in radian) at 2θ, and θ is the Bragg angle.   
The temperature-programmed reduction with hydrogen (H2-TPR), temperature-
programmed desorption using CO and O2 (CO-TPD and O2-TPD, respectively) and CO 
chemisorption measurements were performed using a BELCAT II chemisorption 
apparatus. For these measurements, the catalyst surface was pre-treated by keeping 25-
30 mg of the catalyst sample at 150 ℃ for half an hour under inert atmosphere (helium 
(He) flow of 30 mL/min) for H2-TPR and CO chemisorption while temperature was 
kept at 200 ℃ for CO- and O2-TPD. For H2-TPR, the sample was subsequently cooled 
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to ambient temperature before it was heated to 500 ℃ at 10°C/min under analysis gas 
(5%H2/Ar mixture) flowing at 30 mL/min. 10%CO/He (30 mL/min) and 5%O2/He (30 
mL/min) were injected for 1 hr followed by injection of He (30 mL/min) for 30 min to 
remove any remaining CO or O2. Then, the sample temperature was raised to 500 ℃ at 
10°C/min using 30 mL/min flow of He. In the case of CO chemisorption, 10%CO/He 
(30 mL/min) was injected in pulses until surface saturation was reached. Thermal 
conductivity detector (TCD) was used to monitor the outlet signal of BELCAT II. The 
BET surface area of the samples was measured by N2 physisorption technique at 77 K 
by Germini VI. 
The actual amount of copper in the synthesized catalyst samples was determined by 
inductively coupled plasma mass spectrometry (ICP-MS) (7500cx single-quad, Agilent 
Technologies) analysis. The samples were digested in aqua regia at 80°C for 2 days to 
ensure a complete dissolution of copper, which were then sonicated and diluted to a 
fixed volume. For consistency, duplicate samples were analyzed. Scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) were performed using 
a JEOL 7000F FE-SEM and Philips CM200. X-ray photoelectron spectroscopy (XPS) 
was performed using a Kratos Axis Ultra DLD instrument with a monochromatic Al 
Kα X-ray source. Accurate quantification of the Cu2+ and Cu+ peak areas was carried 
out on the Cu 2p3/2 in accordance with the earlier report [33], where the Cu
2+ peak area 
(ACu2+) was calculated from the total peak area of the shake-up satellite peak (Asatellite) 
using the relationship ACu2+:Asatellite = 1.89. The peak area of Cu
+ (ACu+) was in turn 
quantified from ACu+ = ACu2p3/2 – ACu2+. The technique circumvents the statistical 
uncertainties during the peaks deconvolution process given the close proximity between 
the Cu2+ binding energy peak and that of the Cu+. 
5.2.3 Catalytic activity 
The CO oxidation reaction was carried out, at the temperature ranging from 100 to 240 
℃, in a fixed bed tubular reactor assuming plug flow dynamic. The catalyst was placed 
in quartz wool, and the temperature of the catalyst bed was monitored using a k-type 
thermocouple. A total of 30 mg of the tested catalyst was loaded into the reactor. The 
reaction feed gas (20 mL/min) contained 1% CO and 10% oxygen balanced with argon 
was flowed over the catalyst bed. In order to eliminate the effect of external diffusion, 
the reaction was conducted in a differential mode at a high gas hourly space velocity 
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(GHSV) of 40,000 mL/h.gcat. The products and unconverted reactants were measured 
by an online gas chromatograph (SRI Instruments) equipped with a flame ionization 
detector (FID) and a TCD. The CO conversion, rate of reaction and turnover number 
(TON) were calculated using the following equations: 
𝐶𝑂 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [𝑋𝐶𝑂] (%) =
𝐶𝑂𝑖𝑛− 𝐶𝑂𝑜𝑢𝑡
𝐶𝑂𝑖𝑛








                    (5.3) 
where FCO is the molar flow of CO (mol/s), XCO is the conversion of CO, nCu is the 
number of mole of copper in the catalyst, rCO is the rate of reaction in molCO/s.molCu. 
Turnover number (TON) is the mole of CO2 produced (nCO2) per mole of copper in the 
catalyst. 
5.3 Results and Discussion 
5.3.1 Characterization of TiO2 nanorods (TNR) and Cu-TNR catalysts 
Figure 5.1 shows the TEM and SEM images of the titania nanorods (TNRs), indicating 
that the length and diameter range from 100 nm to a few microns and 100-400 nm, 
respectively. The TNRs have a small surface area of approximately 15 m2/g due to the 
postsynthesis treatment at high temperature (800 °C). Acid washing plays a crucial role 
in controlling the amount of sodium, which influences the bending of titanate layers. 
During the washing step, the imbalance between hydrogen (H+) and sodium (Na+) ions 
on both sides of the layered titanate structure causes excess surface energy and 
promotes the bending of layers into a nanotubular structure [34]. Moreover, the 
mobilization of sodium ions during calcination at higher temperature (800 °C) causes 
the nanotubular structure to grow into nanorods. It can be inferred that the presence of 
sodium has a profound impact on the stability and morphology of the nanotubular 
structure formed. These observations are in agreement with previous reports that 
sodium plays a role in the formation of nanorods from nanotubular structures, while the 





Figure 5.1. TEM (a & b) and SEM (c & d) images of titania nanorods. Note: scale bar 
of 1 µm and 0.5 µm in 1a and 1b, respectively. Scale bar of 1 µm in 1c and 1d. 
Different loadings of Cu, ranging from 2.5 to 12.5 wt%, were deposited on the TNRs 
via deposition-precipitation. The XRD patterns in Figure 5.2a show that the Cu-loaded 
TNRs have similar crystalline structures with a mixture of rutile and anatase phases. It 
is worth noting that the main peaks associated with bulk copper oxides (2θ = 41.5 and 
45.5°) are only visible as broad peaks in the Cu-TNR, inferring that the CuO exists as 
fine nanoparticles using the current synthesis method [37-39]. By further refinement of 
the spectra at the relevant region (Figure 5.2b), the Scherrer-determined size of the CuO 
was found to be 7, 9 and 12 nm for 5Cu-, 7.5Cu- and 10Cu-TNR, respectively. Higher 
Cu loading induces more coalescence during the preparation, and as such led to a 
systematic increase in the CuO size. Cu2O was not detected by the XRD, suggesting 
that they are either absent or exists as very finely dispersed species below 2 nm, which 
is the typical detection limit of the XRD. 
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The specific surface areas of Cu-TNR catalysts are also presented in Table 5.1. The 
specific surface areas and monolayer capacities decrease as the copper content 
increases, and the 7.5Cu-TNR catalyst shows a specific surface area of 14.8 m2/g and a 
monolayer capacity of 3.4 cm3/g. The decrease in both specific surface areas and 
monolayer capacities with respect to copper contents concur with the increased 





Figure 5.2. (a) XRD patterns of Cu-TNRs and CuO (Co Kα was used as the X-ray 
radiation source) and (b) refinement of the diffraction spectra in the narrow range of 
40-43 degree showing the Gaussian peaks of the CuO nanoparticles (blue) and TNR 
(red), while the black line is the summation of the two. 
5.3.2 Surface adsorption properties of Cu-TNR 
Temperature-programmed desorption using CO (CO-TPD) and O2 (O2-TPD) as probe 
molecules was carried out to study the adsorbate-adsorbent interactions on the Cu-
TNRs. The CO-TPD profiles (Figure 5.3) indicate that all the tested catalysts exhibit 
two distinct characteristic desorption peaks and, hence, two types of CO adsorption 
sites: the first in the temperature range of 60 to 200 °C (weaker CO adsorption sites) 
and the second in the range from 215 to 450 °C (stronger CO adsorption sites). The 
TNRs (without Cu metal) show adsorption peaks in the low temperature range (60-150 
°C) and at approximately 390 ℃, indicating that there are active sites available for CO 
adsorption on the bare support surface. A comparison between the bare support and 
96 
 
copper-deposited catalyst shows that copper deposition influences the CO adsorption 
capacity and that the desorption temperatures are distinctive. The CO desorption curves 
in Figure 3 show that the desorption peak temperature increased slightly from 100 to 
105 °C and from 100 to 120 °C in the 5Cu-TNR and 10Cu-TNR catalysts, respectively, 
but decreased from 100 to 95 °C in the 2.5Cu-TNR and 7.5Cu-TNR catalyst compared 
with that of the TNR support. Moreover, Table 5.2 gives the quantitative results of CO-
TPD. The area under the CO-TPD curve represents the surface coverage, which is a 
measure of the number of adsorption active sites. The amount of CO adsorbed increased 
with increasing copper content and reached a maximum adsorption of 0.231 mmol/g 
over 7.5Cu-TNR. Hence, a Cu loading of 7.5 wt% gave an optimum value, above which 
increasing the amount of Cu on the TNRs does not increase the number of CO 
adsorption sites. This may indicate that the Cu deposition and dispersion on the TNR 
surface change from a monolayer to a multilayer arrangement, as evidenced by the 
surface areas and monolayer capacities (Table 5.1). In addition, the desorption peaks in 
the high-temperature range shift from 340 to 300 °C as the Cu loading increases from 
7.5 to 10 wt%. The CO adsorption strength on the strong adsorption sites decreases 
with increasing copper content on the Cu-TNR surface. The associated catalytic 
consequences of the metal-support interaction resulting from different arrangements of 
Cu on TNRs (i.e., monolayer vs. multilayers) will be discussed in section 5.3.5. 



















2.5Cu-TNR 0.74 2.57 46.6 14.8 3.40 
5Cu-TNR 0.86 0.74 94.2 13.2 3.03 
7.5Cu-TNR 1.04 1.13 95.5 12.8 2.94 
10Cu-TNR 0.61 0.90 56.9 10.3 2.36 
a Measured from CO chemisorption; b Measured from H2-TPR; c The ratio of H2 consumed in TPR to 
theoretical H2 required to reduce the catalyst. 
CO chemisorption was conducted to estimate the CO uptake on Cu-TNR (Table 5.1). 
CO chemisorption results indicate that CO uptakes of 0.74, 0.86, 1.04 and 0.61 cm3/g 
were found for the 2.5Cu-, 5Cu-, 7.5Cu- and 10Cu-TNR catalysts, respectively, 
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showing the highest CO uptake for 7.5Cu-TNR. The metal particles tend to agglomerate 
at higher metal loadings, and therefore, a further increase in copper content to 10 wt% 
showed a decrease in CO uptake. These findings are consistent with previously reported 
results [40]. The metal contents measured using ICP-MS are given in Table 5.2.  
 
Figure 5.3. Temperature-programmed desorption of CO on Cu-TNR. 
The oxygen desorption profiles of the copper-deposited catalysts (Figure 5.4) indicate 
that the Cu-TNR surface has active sites available for oxygen adsorption in addition to 
CO adsorption. The bare support shows only one distinct characteristic desorption peak 
in the temperature range between 60 °C and 160 °C (zone Z1), which can be assigned 
to weakly adsorbed oxygen species [41]. This single peak in Z1, however, evolves into 
two peaks when Cu was deposited on the TNR support, indicating the possible 
formation of different kinds of oxygen species on the copper-deposited catalysts. More 
importantly, the result indicates that additional vacant sites on both the Cu metal and 
interface are available for O2 adsorption and that they adsorb O2 more strongly than the 
bare support. Additional peaks in Z2, Z3 and Z4 can be observed at approximately 200 
°C, 360 °C and 430 °C, respectively, and they are dependent on the Cu content. For 
instance, the three peaks associated with 2.5Cu-TNR in Z2, Z3 and Z4 at 200, 360 and 
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430 °C, respectively, shift to lower temperatures (approximately at 185 °C, 285 °C and 
395 °C) when the copper content is increased to 7.5 wt% (i.e., 7.5Cu-TNR). The peak 
in Z2 can be ascribed to the O2
– species resulting from the O2 chemically adsorbed on 
the surface, whereas the peaks in Z3-Z5 can be attributed to the desorption of the lattice 
oxygen O2– species formed on the surface of the catalyst [42].  
Also, a new peak is observed at approximately 480 °C in Z5. An increase in Cu loading 
from 7.5 wt% to 10 wt% (i.e., 10Cu-TNR) shows further shifting of the peak 
temperatures in Z2, Z3, and Z4 (at approximately 260 °C, 340 °C and 420 °C), while 
the characteristic peak in Z5 shifts to 490 °C. These results provide evidence that the 
Cu content in TNRs affects not only the adsorption capacity of O2 but also the strength 
and affinity of the adsorption sites to O2. The latter can be critical in CO oxidation, 
which involves dissociative adsorption of O2 as an elementary step. According to the 
O2-TPD results, the 7.5Cu-TNR catalyst showed more prominent O2 adsorption 
capacity and desorption at lower temperatures than the 2.5Cu- and 10Cu-TNR catalysts, 
as shown in Figure 5.4. These low-temperature-desorption peaks can be assigned to the 
oxygen species weakly bonded to the catalyst surface [43], which are the source of 
oxygen atoms for the oxidation reaction [42]. The results presented in Table 5.2 and 
Figure 5.5 show that the amounts of O2 and CO adsorbed on the Cu-TNR are dependent 
on the Cu loading and have the same trend in which the 7.5Cu-TNR catalyst gives the 






















2.5Cu-TNR 0.122 0.040 459 933.7 2.45 
5Cu-TNR 0.215 0.053 459 934.1 4.90 
7.5Cu- TNR 0.231 0.077 458.8 933.7 7.36 
10Cu-TNR 0.165 0.049 459 934.1 9.87 
12.5Cu- TNR 0.099 0.047 459 934.1 12.40 
a From CO-TPD; b From O2-TPD; c From XPS; d From ICP-MS 
Temperature [°C]




















Figure 5.4. Temperature-programmed desorption of O2 on TNR and Cu-TNR. Note: 

































Figure 5.5. Comparison between Temperature-programmed desorption of CO and O2 
on Cu-TNR. 
5.3.3 Surface reducibility and the metal-support interactions in Cu-TNR  
Metal-support interactions, which determine the interfacial catalytic properties, are 
intrinsically related to the surface reducibility and were studied by using H2-TPR in this 
work. As evident from Figure 5.6, low temperature reduction shoulder peaks with onset 
at ~150 °C are unique only to the Cu-TNR catalysts and are absent from the bulk CuO. 
These low temperature peaks were ascribed to the reduction of highly dispersed surface 
Cu similar to the mono- and multilayer species on TNR that are otherwise invisible to 
the XRD [23, 44]. This is followed by the two larger reduction peaks that correspond 
to the two-step reduction of CuO to Cu2O and further to Cu
0 [45], which in this case 
can be ascribed to the reduction of the CuO nanoparticles. It is interesting to note the 
general shift of the reduction to higher temperature from the smaller CuO (7 nm for 
5Cu-TNR) to the larger size (12 nm for 10Cu-TNR) and that to the bulk CuO. This is 
reflective of the type and strength of interaction of the CuO as a function of particle 




Figure 5.6. H2-TPR profiles of reference CuO and Cu-TNR with different Cu 
loading. 
XPS spectroscopy was used to assess the oxidation state and the electronic state of 
copper and titania in the catalyst based on their binding energies. Cu 2p and Ti 2p XPS 
spectra are shown in Figure 5.7a and 5.7b, respectively. Deconvolution of the Cu 2p3/2 
peak at the binding energy range of 931 to 936 eV reveals the presence of the Cu2+ 
(934.8 eV) and Cu+ (933.0 eV) [49]. Because of the close proximity of the two peaks, 
direct quantification of the deconvoluted peaks is subjected to large uncertainties. Here, 
we adopt a more accurate approach of quantifying the shake-up satellite peaks at 940-
946 eV that is unique to Cu2+ [33]. By taking the calibrated ratio of ACu2+:Asatellite = 1.89 
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based on the CuO standard [33] (reconfirmed with the bulk CuO sample in this study) 
and recalculate the amount of Cu2+ in the Cu 2p3/2 peak, the Cu
2+ content was found to 
be 67, 90, 90, 97 and 97% for 2.5Cu-, 5Cu-, 7.5Cu-, 10Cu- and 12.5Cu-TNR, 
respectively, the remaining being Cu+. The fact that no Cu2O was detectable by XRD, 
the results suggest that the Cu+ (in coexistence with Cu2+) must exist solely as part of 
the highly dispersed surface species. Nevertheless, the amount of Cu+ species is rather 
minimal especially at high Cu loadings.  
Two main peaks near 459 and 465 eV were attributed to Ti 2p3/2 and Ti 2p1/2, 
respectively (Figure 5.7b). These results are in agreement with the previously reported 
results in which titania peaks were found at approximately 459 and 465 eV [38, 50]. 
The characteristic peaks were assigned to Ti4+ in the titania nanorods. Figure 5.8 shows 
the XPS O1s spectra of the copper-deposited TNR-supported catalysts. All the catalysts 
showed one distinct peak at approximately 530 eV and a small shoulder at 
approximately 535 eV. The first peak is an indication of the lattice oxygen in Ti-O 
bonds, while the small shoulder results from the weakly bonded (physisorbed) oxygen 
species [51-53]. These results corroborate the finding of the O2-TPD study (Figure 5.4) 
that there are different oxygen species present in the Cu-TNR. In addition, the XPS 
results in conjunction with H2-TPR and XRD, confirm the presence of highly dispersed 
Cu species and CuO nanoparticles (the latter increase in size with increasing Cu 






























Figure 5.7. XPS spectra of (a) Cu 2p and (b) Ti 2p in Cu-TNR. 
Binding Energy [eV]

















Figure 5.8. XPS O1s spectra of Cu-TNR: (1) 2.5Cu-TNR, (2) 5Cu-TNR, (3) 7.5Cu-
TNR, (4) 10Cu-TNR. 
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5.3.4 CO oxidation by Cu-TNR 
The catalytic properties of Cu-TNRs with different Cu loadings and metal-support 
interfaces were investigated in CO oxidation over a temperature range of 100-250 °C 
under atmospheric pressure (Figure 5.9). The activity profiles demonstrate the catalytic 
performance of unsupported and supported copper-based catalysts. CO conversion 
versus temperature results indicate that an increase in copper content from 2.5 to 12.5 
wt% resulted in an increase in CO conversion (except an optimum with 7.5 wt% of Cu 
loading). For instance, at 218 ℃, CO conversions of 60, 70, 79, 57 and 39% were 
observed for 2.5Cu-, 5Cu-, 7.5Cu-, 10Cu- and 12.5Cu-TNR, respectively. The activity 
results are compared with the reported literature in Table S2 in ESM. The 2.5Cu-TNR 
catalyst gives a rate of CO2 production per unit surface area (85.3 µmolCO/s. molCu) 
approximately eight times higher than those of the other supported Cu catalysts that 
involve cocatalysts or promoters, such as 5CuO-5Ce-95Ti-500 [20], 
Cu0.08Mn0.02Zr0.1Ce0.8O2 [54] and Cu70Ti30/M-diatomite-400 [55] at 200 °C (Table 5.3). 





Rate (µmolCO/s.molCu) Reference 
5CuO-5Ce-95Ti-500 40 8.93 [20] 
10CuO-5Ce-95Ti-500 100 11.1 [20] 
Cu0.08Mn0.02Zr0.1Ce0.8O2 28.5 5.53 [63] 
Cu0.1Mn0Zr0.1Ce0.8O2 30 4.46 [63] 
Cu70Ti30/M-diatomite-400 95 6.31 [64] 
Cu70Ti30/M-diatomite-500 90 5.98 [64] 
2.5Cu-TNR 43 85.3 This study 
5Cu-TNR 46 45.6 This study 
7.5Cu-TNR 54 35.7 This study 
































Figure 5.9. CO conversions at different reaction temperatures by (1) TNRs & 7.5Cu-
TNR-PM, (2) CuO, (3) 12.5Cu-TNR, (4) 10Cu-TNR, (5) 2.5Cu-TNR, (6) 5Cu-TNR 
and (7) 7.5Cu-TNR. (Conditions: 30 mg of catalyst, a reaction mixture of 1% CO, 
10% O2 balanced with argon, GHSV of 40,000 ml/h.gcat) 
The pure unsupported copper oxide (prepared by co-precipitating the copper precursor) 
and bare TNR were used as control experiments in the tested temperature range, i.e., 
100-250 °C. There was no activity observed from the pure copper oxide and the bare 
TNR support, suggesting the importance of the metal-support interaction and the 
presence of active interfacial species for catalytic enhancement. To further confirm the 
role of interface during the reaction, 7.5 wt% CuO was physically mixed with TNRs 
(referred as 7.5Cu-TNR-PM) and tested for CO oxidation under the previously 
described reaction conditions. Interestingly, no CO conversion (shown as sample 1 in 
conjunction with bare support in Figure 5.9) was found for the physical mixture, which 
validated the hypothesis that the interfacial active sites are mainly responsible for the 
catalytic activity. 
Since no activity was observed on the bare support, it is interpreted that the amount of 
CO adsorbed on the support surface played no role during the reaction, i.e., CO 
desorbed without interacting with the oxygen in air, and hence no CO2 was produced. 
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This means that the surface sites associated with the low-temperature CO adsorption 
peak, observed in all copper-deposited catalysts (as shown in Figure 5.3), are 
catalytically inactive at temperatures below 145 °C. However, the interfacial active 
sites resulting from the metal-support interface catalyze CO oxidation significantly 
once an onset temperature of 145 °C is reached (Figure 5.9). In an oxygen-rich reaction 
environment, it is clear that the surface-chemisorbed CO produces CO2 at a temperature 
below the higher-temperature desorption peak (i.e., 300 °C), as depicted in the previous 
CO-TPD results. It can be inferred that copper interactions with the titania nanorods 
offer an interface that converts the chemisorbed CO into CO2, which was desorbed as 
CO in a nonoxidizing environment. This finding was further confirmed by the same 
reaction conditions with CO only (not shown here), and no CO2 formation was observed 
over all catalysts. Similarly, the results of O2-TPD, as shown in Figure 5.4, 
demonstrated that copper interactions with TNR strongly affected the oxygen 
adsorption capacity and thus the catalytic activity. The quantitative results in Table S1 
in ESM indicate that both the O2-TPD and CO-TPD results follow the same trend. The 
oxygen adsorption capacity was also confirmed using XPS, and the results of the O1s 
analysis (Figure S2 in ESM) are in agreement with those of O2-TPD (Figure 5.4). 
Since the amount of CO chemisorption is a measure of the interfacial active sites [56-
58], the negligible amount of chemisorbed CO on the bare support (not shown here) 
indicates that the TNR support alone is catalytically inert to CO oxidation under the 
tested conditions (consistent with Figure 5.9). The CO chemisorption results (Table 
5.1) indicate a strong positive dependency of the amount of chemisorbed CO on the 
metal content and that the maximum amount of chemisorbed CO was observed in the 
7.5Cu-TNR catalyst. The interfacial active sites also facilitate O2 activation, which in 
turn enhances catalytic activity [58].  
The surface and bulk Cu species and the extent of copper interaction with the support 
significantly influence the CO conversion activity. The H2-TPR results of the 5, 7.5 and 
10Cu-TNR catalysts (as shown in Figure 5.6) indicate the presence of both highly 
dispersed and CuO nanoparticle species, but the number of copper species present in 
the bulk varied significantly among for all catalysts. The degree of reduction (defined 
as the ratio of hydrogen consumed in TPR to the theoretical amount of hydrogen 
required to completely reduce the catalyst) for all the catalysts is less than 100%. The 
copper species can be assumed to interact with the support in two ways, as shown in 
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Figure 5.10: a) well-dispersed copper species weakly interacting with the support, 
forming mono- and multilayer on the support surface; and b) bulk copper species 
forming larger copper particles and strongly interacting with the support [59-63]. At 
low loadings of up to 7.5 wt%, the copper species are mainly present in the form of 
highly dispersed Cu on the surface with small fraction of fine CuO nanoparticles, while 
at higher metal loadings, the copper species tend to sinter to form large nanoparticles 
on the surface. The extent of the metal-support interaction, surface and binding energies 
and transfer of electrons between the copper and titania nanorods collectively form an 
interface exhibiting relatively high catalytic activity for the 7.5Cu-TNR catalyst. This 
interpretation is supported by the H2-TPR results. It can be concluded that the extent of 
metal-support interactions favouring a greater amount of well-dispersed Cu2+ species 
layers on the interface is one of the main contributors to the excellent performance of 
the 7.5Cu-TNR catalyst, as shown in Figure 5.9. 
 
Figure 5.10. The schematic representation of the effect of variation in CO uptake and 
metal-support interaction on the CO oxidation activity of Cu-TNR catalysts. 
The Arrhenius plots (Figure 5.11) indicate that the 7.5Cu-TNR catalyst has the lowest 
activation energy (44.7 kJ/mol) for CO oxidation compared to other Cu-TNRs. In 
comparison, the unsupported copper nanoparticles have an activation energy of 74.1 
kJ/mol, indicating that the doping of copper over titania nanorods reduces the energy 
barrier. The elementary steps, especially the adsorption of reactants over the catalyst 
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Figure 5.11. Arrhenius plot of CO oxidation using Cu-TNR: (a) 2.5Cu-TNR, (b) 5Cu-
TNR, (c) 7.5Cu-TNR, (d) 12.5Cu-TNR. 
It is generally considered that copper oxides follow the Mars-Van Krevelen (MVK) 
redox mechanism [60], in which CO reacts with surface lattice oxygen to produce CO2, 
leaving behind an oxygen vacancy on the copper oxide surface. The oxygen in the gas 
fills out the vacancy, and this is a spontaneous reaction. The release of lattice oxygen 
from the copper oxide surface is the rate-determining step that provides the required 
oxygen for the product. The following reactions are considered [60]; 
𝑂2 +∗→ 2𝑂𝑆𝐿         (4) 
𝐶𝑂 + 𝑂𝑆𝐿 → 𝐶𝑂2 +∗        (5) 
where OSL represents surface lattice oxygen and ∗ is surface oxygen vacancy on the 
metal oxide surface. Metal doping on the support changes surface terrace, and thus, 
reactants over the new surface or metal-support interface exhibit diverse performance. 
Generally, for supported copper catalysts, the Langmuir-Hinshelwood (LH) mechanism 
is accepted, in which CO chemisorbs on the active metal site or metal-support interface, 
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oxygen adsorbs on the support and the adsorbed gases react to desorb CO2 as the 
product as described in the following proposed reactions [61]; 
𝐶𝑂 + 𝑆 → 𝐶𝑂 − 𝑆        (6) 
𝑂2 + 𝑆 → 𝑂2 − 𝑆        (7) 
𝑂2 − 𝑆 → 2𝑂 − 𝑆        (8) 
𝐶𝑂 − 𝑆 + 𝑂 − 𝑆 → 𝐶𝑂2 + 2𝑆      (9) 
where S represents the adsorption site on the catalyst surface. In Cu-TNR catalysts, the 
interfacial active sites are given by the intimate contact of copper and titania nanorods, 
which offers adequate strength for CO and O2 adsorption (in which a dissociative 
adsorption of O2 occurs) to form CO2. The H2-TPR and XPS results show that Cu
2+ 
interacted with the titania nanorods and that the extent of the reaction varied over the 
range of metal contents. Consequently, it is suggested that the LH mechanism is 
predominant in the Cu-TNR catalysts. 
The long-term stability of the best performing catalyst (7.5Cu-TNR) was evaluated at 
200 ℃. Figure 5.12 shows that the catalyst exhibited a stable CO conversion over 48 h 
time-on-stream. This result indicates that the catalyst has potential to be used as an 
efficient and highly stable catalyst for medium temperature CO oxidation. The used 
catalysts were also characterized by XRD (Figure 5.13) after the reaction to identify 
any possible change in the crystalline structure. Apart from the typical anatase, rutile 
and titanate diffraction peaks as found in as-synthesized catalysts, an additional peak 
appeared at approximately 2-Theta of 35.5° can be assigned to CuO, which is associated 
with the sintering of copper oxide nanoparticles during the reaction. Nevertheless, the 
long-term activity observed for the 7.5Cu-TNR catalyst (Figure 5.12) suggests that the 
catalyst remained catalytically active overall despite of minor sintering. 
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Figure 5.12. Long-term CO conversion achieved at 200 °C by 7.5Cu-TNR. 
(Conditions: 30 mg of catalyst, a reaction mixture of 1% CO, 10% O2 balanced with 
argon, GHSV of 40,000 ml/h.gcat) 
 
Figure 5.13. XRD patterns of Cu-TNRs after CO oxidation. 
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5.3.5 Effect of different oxide supports 
The oxide support plays a pivotal role in controlling the interaction between metal and 
support, which in turn influences the catalytic performance. Therefore, various supports 
were investigated to exploit their role during CO oxidation. The optimal metal content, 
i.e., 7.5 wt%, based on the catalytic performance over titania nanorods was selected for 
copper-based catalysts synthesis over TiO2-P25, Al2O3 and SiO2 support using 
deposition precipitation. The catalytic activities at 200°C presented diverse 
performance over various supports in terms of the rate of CO converted per unit copper 
oxide surface area per unit time (Figure 5.14).  
 
 
Figure 5.14. Measured rate of CO oxidation over different oxide-supported Cu 
catalysts. (Conditions: 30 mg of catalyst, a reaction mixture of 1% CO, 10% O2 
balanced with argon, GHSV of 40,000 mL/h.gcat, 200°C) 
While the silica-based catalyst exhibited no activity at all tested reaction temperatures, 
7.5 wt% of Cu supported on alumina and TiO2-P25 gave a relatively low activity 
compared to the TNR-based catalyst. For instance, 7.5Cu-TNR catalyst gave a CO 
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conversion rate of 2.41 (µmolCO/s. m
2. molCu) which is approximately twofold of 
7.5Cu-TiO2 (1.28 µmolCO/s. molCu).  
The interaction between CO and the surface, characterized by the measurement of 
active sites via CO-TPD (Figure 5.15) elucidates how copper interactions with various 
oxide supports influence CO active sites. The alumina-supported copper catalyst 
showed two peaks: the first peak in the temperature range of 60-210°C, and the second 
peak (apparently incomplete) from 250 to 460°C. More CO was adsorbed over the 
alumina-supported catalyst, but the peak maxima were shifted to higher temperatures. 
A similar trend was observed over the TiO2-P25-supported catalyst, of which the first 
broad peak starts at 60 and ends at 250°C, while a shoulder was observed at 
approximately 285°C. Clearly, more CO was adsorbed over alumina- and TiO2-P25-
supported catalysts, but to evaluate the number of active sites among all various 
supported catalysts, CO chemisorption was conducted, and the results in Table 5.4 
imply that the catalyst supported on TiO2-P25 possessed more sites for CO adsorption. 
The catalytic activity results in terms of CO converted per unit surface area show that 
the copper-deposited catalysts supported on TNR converted more CO per unit surface 
area than did the other supported catalysts. This performance can be ascribed to the 
presence of different types of interfaces and/or metal-support interactions among the 
various supported catalysts. 
Table 5.4 CO chemisorption and H2 consumption of TNR- and TiO2-and Al2O3-








7.5Cu-TNR 1.04 1.13 95.5 
7.5Cu-TiO2 1.87 0.86 72.8 
7.5Cu-Al2O3 0.54 0.64 54.3 
a Measured from CO chemisorption; b Measured from H2-TPR; c The ratio of H2 consumed in TPR to 





Figure 5.15. Temperature-programmed desorption of CO on different oxide-
supported Cu catalysts. 
The metal-support interactions were explored using H2-TPR, and the results in Figure 
5.16 clearly show that the extent of interaction varied for all supported catalysts. Since 
7.5Cu-TNR catalyst has more reducible species than other catalysts, the TPR peak 
shifted to a lower temperature for the 7.5Cu-TiO2 catalyst, exhibiting weaker 
interactions than other catalysts. The lower degree of reduction over the 7.5Cu-Al2O3 
catalyst showed a strong metal-support interaction and the presence of Cu2+ species is 
mainly in the bulk, i.e., not available for hydrogen consumption. The nature of the 
interfacial interactions between the metal and the support determines the catalytic 




Figure 5.16. Temperature-programmed reduction of different oxide-supported Cu 
catalysts. 
The apparent activation energies derived from the kinetic data for various copper-
deposited catalysts (Figure 5.17) show an order of 7.5Cu-TiO2 > 7.5Cu-TNR > 7.5Cu-
Al2O3, indicating the nature of interfacial active sites over each supported catalyst is 
different. The results of the reduction profiles, activity and activation energy highlight 
that a suitable metal-support interaction generates interfacial sites that play a major role 
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Figure 5.17. Arrhenius plot of CO oxidation over different oxide-supported Cu 
catalysts: (a) 7.5Cu-Ti, (b) 7.5Cu-Al, (c) 7.5Cu-TNR. 
5.4 Conclusions 
The catalytic consequences of the interface between copper and titania nanorods 
(TNRs), the degree of copper dispersion, the CO adsorption capacity and the 
surface/lattice oxygen sites were studied. The H2-TPR confirmed the intimate 
interaction between copper and TNR and thus the formation of copper-TNR interfacial 
active sites, as evidenced by CO chemisorption. The catalytic performance and rate of 
the reaction indicated that a Cu loading of 7.5 wt% on TNRs (7.5Cu-TNR) resulted in 
an optimum metal-support interaction, leading to interfacial active sites that are most 
favorable for medium-temperature CO oxidation. The reaction was found to follow the 
Langmuir-Hinshelwood mechanism, and a low activation energy of 44.7 kJ/mol was 
calculated for the 7.5Cu-TNR catalyst. The effect of various support oxides, such as 
titania nanoparticles (TiO2-P25), alumina and silica, showed the improved performance 
of 7.5Cu-TNR based on the number of moles of CO2 produced per mole of copper per 
unit surface area. The results showed that the nature of the interface resulting from 
copper interaction with each support played a pivotal role in the final catalytic 
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performance. As such, this study provides insight into advanced catalyst design that 
relies on the catalyst support structure and morphology, particularly for improved CO 
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Chapter 6  
Cu promoted Co/TNRs catalysts for CO 
hydrogenation to hydrocarbons 
6.1 Introduction 
Fischer−Tropsch synthesis (FTS) is well-known process of hydrocarbon production 
from synthesis gas or syngas (H2 + CO) [1]. Biomass, coal or natural gas are among the 
carbon-containing feedstock or potential sources of syngas. The hydrogen to carbon 
monoxide ratio and the extent of impurities vary depending upon the feedstock. For 
biomass or coal feedstock, H2 to CO ratio also depends upon the gasification technology 
[2].  
It is imperative to note that the FTS products quality is solely function of catalyst choice 
and operating conditions while syngas source feedstock does not affect the product 
quality. The metals that are reported to show the FTS activity are Fe, Ru, Ni and Co [3] 
and among these metals, only Fe and Co are commercially utilized for the FTS because 
they offer good trade-offs between catalyst cost, activity, stability and selectivity [4]. 
Although Fe is cheaper than Co and offers strong resistance to some of the poisons, Co 
is preferable for the production of certain hydrocarbons such as diesel. Another 
important aspect of Fe and Co-based catalysts is their activity towards water gas shift 
(WGS) reaction in which CO reacts with water to generate CO2 and H2. This process is 
important due to its impact on the H2 to CO ratio during the FTS process. Co-based 
catalysts are less active towards WGS (except at high temperatures) and this suggests 
that Co-based catalysts are preferable for syngas derived from natural gas i.e., rich in 
hydrogen [5, 6]. Biomass or coal derived syngas is hydrogen lean or CO rich and hence 
Fe-based catalysts are suitable for the FTS based on biomass or coal [7, 8]. However, 
high stability and higher selectivity of Co-based catalysts towards heavy hydrocarbons 
are desired properties for the FTS [9].  
Co metal is usually dispersed over an oxide support and depending upon the operating 
conditions and catalyst properties, catalysts deactivation is observed over time. Metal 
agglomeration or sintering, coke or carbon formation during reaction and reoxidation 
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of Co metal particles are some of the deactivation mechanisms which are thoroughly 
discussed in [10]. The promoters are added to the metal based catalysts to enhance their 
activity performance and in case of the FTS process, promoters play their role in 
increasing activity, selectivity and stability of Co-based catalysts [11]. The textural 
promoter can even contribute to control Co particles sintering which is one of the main 
causes of deactivation [1]. Ma et al. [12] investigated the copper promotion over 
activated carbon (AC) supported 15.7 wt% Fe and 0.9 wt% K catalysts and revealed 
that copper addition up to 2 wt% enhanced Fe reduction but this improved reduction 
did not have any significant impact on the catalytic activity during the FTS process 
while the Cu addition influenced the product selectivity and more alcohols were 
produced. 
Jacobs et al. [13] studied the effect of three promoters (Cu, Au and Ag) over 15 wt% 
Co/Al2O3 catalyst. The addition of smaller fractions (up to 2.7 wt%) of these promoters 
improved the reducibility of Co catalysts and in case of Ag and Au promoters, even 
active site densities were observed to be enhanced. An excessive amount of promoters 
proved to be detrimental because the promoters covered the Co active sites and resulted 
in decreased activity.  
In this research work, we synthesized and compared the activities of Cu promoted 
Co/TNRs catalysts with the base catalyst. The Co loading is 7.5 wt% and Cu loading 
varied from 1.5 to 6 wt% which suggests that Cu also acts as bimetal catalyst at higher 
loadings. The main idea is to demonstrate the concept of how copper affects the 
performance of Co/TNRs catalyst as promoter and bimetal. The catalysts are 
characterized using XRD, CO and H2-TPD and H2-TPR. 
6.2 Experimental 
6.2.1 Catalyst preparation 
 Titania nanorods (TNRs) supported copper promoted cobalt based catalysts were 
synthesized using desposition-precipitation method. The chemicals used include copper 
acetate (obtained from Sigma Aldrich®), cobalt acetate (obtained from Sigma 
Aldrich®), titania nanorods (TNRs) and 1M sodium carbonate (Na2CO3) solution. For 
1 gram of catalyst, 0.225 grams of cobalt acetate were dissolved in deionized water and 
stirred until a clear solution was attained. Then, 0.925 grams of TNRs were added to 
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the cobalt precursors containing solution followed by dropwise addition of 1M Na2CO3 
solution to maintain pH of 10. The solution was kept under magnetic stirring for 12 h 
followed by filtration and washing of the samples three times using deionized water. 
The samples were dried in oven at 120 ℃ for 12 h followed by calcination under air at 
400 ℃ for 5 h. Similar procedure was adopted to synthesize Cu promoted catalysts by 
adding 0.0475, 0.095 and 0.19 grams of copper acetate. The Co contents were 7.5 wt% 
and Cu contents were varied between 1.5 and 6 wt%. 
6.2.2 Catalyst characterization 
X-ray diffraction (XRD) patterns were recorded using a Philips PW1700 X-ray 
diffractometer (Co-Kα radiation source). The recordings were obtained for scanning 
range of  20-80 using scanning step of 0.05 MPI Jade® software was utilized for 
XRD data analysis. 
The temperature-programmed reduction with hydrogen (H2-TPR), temperature-
programmed desorption using CO and H2 (CO-TPD and H2-TPD, respectively) were 
completed on a BELCAT II chemisorption apparatus. For H2-TPR measurements, the 
catalyst surface was pre-treated by keeping 35-40 mg of the catalyst sample at 200 ℃ 
for half an hour under inert atmosphere (helium flow of 30 mL/min). The sample was 
subsequently cooled to ambient temperature before it was heated to 500 ℃ at 10°C/min 
under analysis gas (5%H2/Ar mixture) flowing at 30 mL/min. The reduced samples 
were further used for CO- and H2-TPD. The CO/H2 adsorption was carried out at 50 ℃ 
using 5%H2/Ar mixture (30 mL/min) and 10%CO/He mixture (30 mL/min) 
respectively. The desorption profiles were recorded by monitoring a thermal 
conductivity detector (TCD) while raising the sample temperature to 500 ℃ (10  
℃/min) using 30 mL/min helium. 
6.2.3 Catalytic activity 
The CO reduction reaction was carried out in a fixed bed tubular reactor. The catalyst 
was placed over glass beads, and the temperature of the catalyst bed was monitored 
using a k-type thermocouple. A total of 100 mg of each catalyst was loaded into the 
reactor and activated at 350 ℃ for 5 h using pure hydrogen at 1.5 bar prior to reaction. 
After completion of catalyst reduction, hydrogen was replaced with argon and 
temperature was decreased to reaction temperature of 240-300 ℃. The reactor was then 
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pressurized using argon to reach 5 bar and then the reaction feed gas (10 mL/min) 
containing CO/H2 ratio of 2 was fed over the catalyst bed. The products and 
unconverted reactants were monitored by an online gas chromatograph (SRI 
Instruments) equipped with a flame ionization detector (FID) and a thermal 
conductivity detector (TCD). The CO conversion and products selectivity were 
calculated using the following equations: 
𝐶𝑂 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [𝑋𝐶𝑂] (%) =
𝐶𝑂𝑖𝑛− 𝐶𝑂𝑜𝑢𝑡
𝐶𝑂𝑖𝑛




         (6.2) 
where XCO is the conversion of CO, nx is the number of moles of product x, nC is the 
number of carbon atoms in product x. The mass balance was applied based on number 
of moles of carbon converted into the products. The detailed experimental setup is 
presented in Appendix A. 
6.3 Results and Discussion 
6.3.1 Characterization of Cu promoted Co/TNRs catalysts 
The crystalline structure and nature of the catalyst phase is identified using powder X-
ray diffraction (XRD). XRD patterns in Figure 6.1 show that the Cu-promoted 
Co/TNRs catalysts have similar crystalline structures with a mixture of characteristic 
rutile and anatase phases. It is worth noting that no characteristic peak of either Cu or 
Co or its oxides is observed on any of the catalysts which infers well dispersed metal 




Figure 6.1 XRD patterns of Cu promoted Co/TNRs catalysts 
Temperature-programmed desorption using CO (CO-TPD) and H2 (H2-TPD) was 
carried out to gauge the interaction between probe gases and catalyst surface using 
BELCAT II chemisorption system. Figure 6.2 shows CO desorption profiles for Cu 
promoted Co/TNRs catalysts with different amounts of Cu. The desorption profiles can 
be divided into two regions; region I ranging from 60 to ⁓250 ℃ and region II between 
250 and 450 ℃. A broad desorption peak is observed for all the catalysts in the region 
I. The peak temperatures vary for each of these catalysts which is assigned to variation 
in the adsorption active sites when Cu amount is changed. The desorption peak 
temperature increases from 110 ℃ for base Co/TNRs catalyst to 180 ℃ when smaller 
fraction of Cu (1.5Cu-Co/TNRs) is added. The desorption peak temperature further 
increases to 200 ℃ when 3 wt% Cu (3Cu-Co/TNRs) is anchored over Co/TNRs and 
interestingly, the desorption peak temperature drops down to 125 ℃ for 6Cu-Co/TNRs 
catalyst. It is generally accepted fact that CO adsorption over Cu is weaker than Co 
[17]; these results suggest that smaller fraction of Cu modified the Co active sites and/or 
the synergistic effect of two metals results in the significant rise in the peak intensity 





Figure 6.2 CO-TPD profiles of Cu promoted Co/TNRs catalysts; a) Co/TNRs, b) 
1.5Cu-Co/TNRs, c) 3Cu-Co/TNRs, d) 6Cu-Co/TNRs 
The desorption profiles in the region II follow slightly different trend than region I. A 
very broad peak is observed over base Co/TNRs catalyst with temperature maxima at 
⁓280 ℃ which shifts to higher temperature (335 ℃) after addition of Cu (1.5Cu-
Co/TNRs). It is worth noting that further increase in Cu (3Cu-Co/TNRs), results in fall 
of the desorption peak temperature to 315 ℃ while desorption peak temperature jumps 
up to 340 ℃ for 6Cu-Co/TNRs catalyst. These findings are in accordance with the 
quantitative results given in Table 6.1 such as smaller fraction of Cu enhanced CO 
adsorption from 130 µmol/g over base catalyst to 480 µmol/g. CO-TPD results also 
suggest that smaller fraction of Cu addition did not only enhance the adsorption 
capacity of promoted catalysts but also the bonding between the catalyst surface and 
CO.  
In order to gain further insight of the catalyst surface response to hydrogen adsorption, 
we studied H2-TPD and desorption profiles are shown in Figure 6.3. The base Co/TNRs 
catalyst exhibits hydrogen desorption with maxima at 120, 180, 260, 345 and 425 ℃ 
showing various adsorption active sites over the whole temperature spectrum. The 
addition of Cu promoter in smaller fraction (1.5Cu-Co/TNRs) drastically modified the 
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adsorption active sites and a large broad peak with peak temperature of 170 ℃ is 
observed. In addition, two small shoulders at around 360 and 410 ℃ are also found 
over this catalyst. The quantity adsorbed calculated from area under the curve of Figure 
6.3 is given in Table 6.1. It is obvious from the results in Table 6.1 that Cu promotion 
in smaller fraction results in H2 adsorption of 130 µmol/g which is over three-fold the 
amount adsorbed over base catalyst. It is interesting to note that the catalysts with higher 
contents of Cu (3Cu-Co/TNRs and 6Cu-Co/TNRs) showed almost similar desorption 
profiles as base catalyst with slight variations in the desorption temperatures.  
 
Figure 6.3 H2-TPD profiles of Cu promoted Co/TNRs catalysts; a) Co/TNRs, b) 
1.5Cu-Co/TNRs, c) 3Cu-Co/TNRs, d) 6Cu-Co/TNRs 
3Cu-Co/TNRs catalyst shows desorption peaks at 135, 170, 280, 345 and 400 ℃ while 
6Cu-Co/TNRs catalyst displays desorption profiles at 115, 220, 265, 350 and 450 ℃. 
From the desorption profiles it can be inferred that Cu promoter influenced the 
hydrogen adsorption capacity of the catalysts and large quantities are adsorbed over the 
catalyst with smaller fraction of Cu (1.5Cu-Co/TNRs). 
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Table 6.1 Quantitative results of CO and O2 desorption  
Catalyst CO adsorbed (µmol/g)a H2 adsorbed (µmol/g) b 
Co/TNRs 130 40 
1.5Cu-Co/TNRs 480 130 
3Cu-Co/TNRs 469 80 
6Cu-Co/TNRs 350 50 
a From CO-TPD; b From H2-TPD 
The extent of surface reducibility and the interactions between metal and support are 
important parameters in evaluating catalytic performance in heterogeneous catalysis as 
determined by H2-TPR. The reduction profiles also provide useful information about 
the activation temperatures required for the reduction of metal oxides to metal form 
prior to the FTS reaction. The reduction profiles for the base and Cu promoted Co/TNRs 
catalysts are shown in Figure 6.4. The reduction of Co3O4 is reported to be complex 
process and generally the particle size, Co dispersion and homogeneity in the catalyst 
affect the Co oxides reduction [18]. Hence, the large particles weakly interacting with 
the support or surface oxides are easier to reduce. The reduction profiles of base 
Co/TNRs catalyst exhibits two reduction peaks with peak temperatures of 300 (peak I) 
and 405 ℃ (peak II). The explanation of the reduction of Co oxides is presented with 
different perspectives. From one perspective, the peak I can be assigned to the reduction 
of Co3O4 having weak interaction with the TNRs support. However, peak II is assigned 
to the reduction of Co3O4 and CoO to Co
0 [19]. The other perspective from the literature 
reports is based on the ratio of two peaks. Since the ratio of peak I to peak II is ⁓1/3; 
hence two peaks are assigned to two-step reduction of Co3O4 (Co3O4 → CoO → Co
0) 
[18, 20].  
It is evident from the TPR profiles that Cu promotion significantly affected the 
reducibility of promoted catalysts and reduction peak temperatures over all promoted 
catalysts are lower than the base Co/TNRs catalyst. The Cu addition to Co/TNRs 
catalyst lowered the reduction peak temperatures from 300 and 405 ℃ to 245 and 335 
℃ respectively for 1.5Cu-Co/TNRs catalyst. An increase in Cu contents to 3 wt% (3Cu-
Co/TNRs) lowered the reduction peak I and peak II temperatures further down to 195 
and 325 ℃ respectively. The reduction temperature of peak I shifted slightly towards 
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right (220 ℃) while peak II reduction temperature further dropped to 315 ℃ for 6Cu-
Co/TNRs catalyst. It can be inferred that Cu even present as bimetal (6Cu-Co/TNRs) 
enables reduction of Co oxides at temperature much lower than base catalyst. It must 
be noted that the peak intensities/sizes of promoted catalysts decrease with increasing 
Cu contents which can be assigned to coverage of Co oxide by Cu and hence loss of 
reducible species.  
 
Figure 6.4 H2-TPR patterns for Cu promoted Co/TNRs catalysts; a) Co/TNRs, b) 
1.5Cu-Co/TNRs, c) 3Cu-Co/TNRs, d) 6Cu-Co/TNRs 
 
6.3.2 FTS activity by Cu promoted Co/TNRs catalysts 
The catalytic performance of base and Cu promoted Co/TNRs catalysts for the FTS 
reaction at 5 bar and reaction temperatures of 240 ℃ was investigated and results of 
the activity and product selectivity are presented in Table 6.2 and Figure 6.5. The bare 
TNRs support was tested under reaction conditions and did not show any activity for 
the FTS reaction. The CO conversion, at 240 ℃, of base Co/TNRs catalyst is found to 
be 9.4% and major fractions of the products were C5+ hydrocarbons. The Cu doping 
significantly influences the catalytic performance of the promoted catalysts and CO 
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conversion increases to 16.8% when smaller fraction of Cu (1.5 wt%) is added. The Cu 
promotion also affects the product selectivity, in particular, methane and CO2 
selectivity. It can be further observed from the FTS activity results (Table 6.2 and 
Figure 6.5) that 3Cu-Co/TNRs catalyst displayed significant decrease in CO conversion 
and further increase in Cu contents (6 wt%) exhibited detrimental CO conversions. The 
doping of more Cu over Co/TNRs catalyst prohibits the Co surface active sites and 
results in loss of catalytic activity. Based on the activity results, all the catalysts are 
arranged in the following order: 
1.5Cu-Co/TNRs > 3Cu-Co/TNRs > Co/TNRs > 6Cu-1Co/TNRs 
 
















9.4 26.7 2.5 17.3 51.3 2.2 
1.5Cu-
Co/TNRs 
16.8 15.7 2.2 23.4 57.5 1.2 
3Cu-Co/TNRs 13.3 26.8 2.1 21.7 43.5 5.9 
6Cu-Co/TNRs 5.7 41.6 - 14.8 18.1 24.9 
1.5Cu-
Co/TNRs 300 
25 32.7 0.6 21.5 35.7 9.5 
3Cu-Co/TNRs 19.6 46.1 0.4 13.5 16.5 23.5 
Reduction: 350 ℃ in pure hydrogen, 6000 mL/gcat. h (4 h); FTS Reaction: H2/CO = 2, 6000 mL/gcat. h, 
P = 5 bar (12 h); a GCMS was used to identify hydrocarbons up to C10 
It is worth noting that only smaller fraction of Cu suppressed methane and CO2 
selectivity while anymore addition of Cu enhanced methane and CO2 selectivity. 
Similar variations in the selectivity of paraffins and C5+ hydrocarbons are observed over 
Cu promoted catalysts in comparison with the base Co/TNRs catalyst. These results can 
be explained by understanding the interaction of reacting gases i.e., CO and H2 with the 
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catalyst surface and their contribution towards the FTS activity before and after addition 
of Cu promoter. 
CO dissociative adsorption is the key step in the FTS chain initiation and CO bonding 
with the catalyst surface also plays its role during reaction [21]. The adsorption of CO 
over the Co surface, at room temperature, is accepted to be non-dissociative in either 
linear or bridged form [22]. The linear type CO desorption occurs at 77 ℃ while 
bridged type CO desorbs at 167 ℃ via disproportionation reaction (2CO → C + CO2) 
[23, 24]. This suggests that the desorption profiles in region I (Figure 6.2) include both 
types of CO desorption. It can be inferred that this desorption peak represents bridge 
type CO desorption in the form of CO2 due to disproportionation reaction. This would 
lead to the conclusion that we should observe lower CO2 selectivity over promoted 
catalysts with higher Cu contents because these catalysts showed lower CO desorption 
amounts as compared with 1.5Cu-Co/TNRs catalyst. In fact, our catalytic activity 
results contradict this explanation. 
The quantity of CO adsorbed over active metal sites depends upon the metal dispersion 
and adsorption stoichiometry. Additionally, CO adsorption over Cu is weaker than on 
Co [17]. Interestingly, smaller fraction of Cu promotes CO adsorption while higher Cu 
contents lead to an obvious decrease in CO adsorption (Figure 6.2 and Table 6.1). This 
can be explained by the fact that Cu decorates Co nanoparticles over the surface which 
leads to lower amount of CO adsorption over promoted catalysts with higher Cu 
contents [25]. On the contrary, the shift of desorption peaks to higher temperatures in 
case of Cu promoted catalysts shows enhanced CO bond strength which is inconsistent 
with weaker interaction between Cu and CO mentioned earlier. Similarly, Cu promoted 
catalysts show more reducibility than the base catalyst which is also inconsistent with 
the strong bond between CO and catalyst surface. This strong CO bonding with the Cu 
promoted Co/TNRs catalysts can be assigned to synergistic CO adsorption in which 
carbon atoms of CO adsorb on Co and oxygen atoms adsorb on Cu [26, 27].  This 
synergistic CO adsorption is found to be the main factor which results in increased 
activity of 1.5Cu-Co/TNRs catalyst. Despite the fact that FTS process is strongly 
dependent upon catalyst type, composition, preparation method and oxide support, 





Figure 6.5 CO conversion and product selectivity for base and Cu promoted 
Co/TNRs catalysts 
The variations in product selectivity for Cu promoted catalysts can also be explained 
based on the synergistic CO adsorption and reducibility. In comparison with base 
Co/TNRs catalyst, the selectivity of methane and CO2 is suppressed with the addition 
of smaller fractions of Cu (1.5Cu-Co/TNRs) which can be assigned to improved 
reducibility, and enhanced synergistic CO adsorption. In addition, it can be inferred that 
smaller fraction of Cu does not cover Co active sites rather facilitates dissociative CO 
adsorption [26, 27]. At fractions more than 1.5 wt%, Cu starts covering the Co active 
sites and thus decrease in Co active sites does not only show less CO conversion but 
also more formation of methane and CO2. The covering of Co active sites by the Cu 
promoter resulting in enhanced selectivity of methane and CO2 is also reported for 
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Al2O3 supported Co-based catalysts [13]. The water gas shift activity also contributed 
in the higher selectivity of methane and CO2 over higher fractions of Cu [21]. It can be 
concluded that the catalysts with higher contents of Cu lose the synergistic effect of CO 
adsorption and Cu also covered the Co surface active metals which resulted in the loss 
of both activity and selectivity. 
The best two catalysts were further tested at higher temperature (300 ℃) to investigate 
its effect on the catalytic activity results. The results in Table 6.2 clearly shows the 
increase in CO conversions and interestingly, the product selectivities are also affected 
at higher temperature. CO conversion increased from 16.8 and 13.3% to 25 and 19.6% 
for 1.5Cu-Co/TNRs and 3Cu-Co/TNRs catalysts respectively. Furthermore, high 
selectivities of methane and CO2 are produced which suggests that both Cu and Co 
promote water gas shift reaction at higher temperatures [1, 29, 30].  
6.4 Conclusions 
The role of Cu promoter over Co/TNRs catalyst was investigated for the FTS reaction. 
The reduction profiles of Cu promoted catalysts showed that Cu doping enhanced 
reducibility of the resulting catalysts and thus catalyst activity. CO and H2 adsorption 
capacities were observed to be highest for 1.5Cu-Co/TNRs catalyst which showed the 
highest CO conversion and C5+ hydrocarbons selectivity at 240 ℃ and 5 bar. The 
increase in reaction temperature to 300 ℃ showed increase in CO conversion to 25% 
and 19.6% over 1.5Cu-Co/TNRs and 3Cu-Co/TNRs (29.6) catalysts respectively. The 
methane and CO2 selectivity was found to be increase with reaction temperature in 
accordance with previously reported literature. The enhanced activity of 1.5Cu-
Co/TNRs catalyst was associated with the synergistic mechanism of CO interaction 
with the catalyst surface such as carbon atoms adsorb on Co sites and oxygen adsorbs 
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Chapter 7 Conclusions and Recommendations 
7.1 Conclusions 
In this chapter, the findings and highlights of the current research work are summarized. 
Furthermore, some of the recommendations for further research on this area are also 
suggested. 
The recent developments in the spectroscopic and microscopic techniques have helped 
researchers to predict the performance of the catalysts. The nanostructured catalysts 
mainly possess features such as structure, interface and porosity. The surface structure 
and interface offer active sites for the reaction while reactant diffusion is controlled by 
porosity. Using the data obtained from these characterization techniques, the catalyst’s 
structure and interface can be tuned to hypothesize the performance of the catalyst. This 
thesis is thus focused on the investigation of structure and interface of the supported 
catalysts. The copper nanoclusters studies are mainly based on density functional theory 
while real-time reaction studies are rarely found in the literature. Keeping it in mind, in 
the third chapter, the effect of the size of copper nanoclusters supported over TiO2 was 
investigated. The main aim of the study was to find the size-activity threshold by 
varying amount of copper nanoclusters from 0.15 to 5 wt%. The catalyst 
characterization results indicated that the size of the copper nanoclusters influenced the 
properties of the catalysts such that copper dispersion decreased from 59% (0.15CT) to 
5.1% (5CT) while amount of CO adsorbed increased from 0.282 mmol/g (0.15CT) to 
0.503 mmol/g (5CT). The activity results showed that lower loading catalysts (0.15CT 
and 0.30CT) exhibited stable performance for 8 h time on stream while higher loading 
catalysts (0.75CT and 5CT) showed deactivation due to sintering of copper during 
reaction.  
Considering the significance of the oxide support and in particular properties imparted 
by nanostructured support materials, the fourth chapter was aimed at the synthesis of 
titania nanorods (TNRs). The investigation of the effect of hydrothermal synthesis 
operating conditions such as hydrothermal temperature and duration showed that 
hydrothermal temperature influenced the aspect ratio of resulting nanotubes and 
hydrothermal duration affected the yield of nanorods. The XRD analysis showed that 
the nanorods were composed of mostly rutile phase. 
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The role of catalytically active interfaces between copper and TNRs was discussed in 
the fifth chapter. The deposition of copper over TNRs was carried out using deposition-
precipitation method with copper varying from 2.5 to 12.5 wt%. The change in copper 
amount influences the metal-support interaction which in turn affects the interfacial 
active sites responsible for catalytic activity; this chapter was based on this hypothesis. 
The catalysts characterization results showed that 7.5 wt% copper loading had the 
highest amount of CO (0.231 mmol/g) and O2 (0.77 mmol/g) adsorbed among all the 
catalysts. 7.5Cu-TNR catalyst also exhibited more reducibility and weaker metal-
support interaction as compared with 5Cu-TNR and 10Cu-TNR catalysts. Based on the 
characterization results, 7.5Cu-TNR catalyst’s performance was predicted to be better 
than the rest of the catalysts. This prediction was also based on the formation of 
interfacial active sites generated differently over all the catalysts. The catalytic activity 
results showed that 7.5Cu-TNR catalyst was found to be an optimum loading with 
lowest reaction temperature of 198℃ converting 50% CO into CO2. This catalyst 
(7.5Cu-TNR) was also subjected to long term stability test at 200℃ for 40 h and no 
deactivation was observed. The hypothesis was later verified by characterizing the 
catalysts with XPS which showed binding energy of 933.7 eV for 7.5Cu-TNR catalyst 
as compared with binding energy of 934.7 eV for bulk CuO. The XPS peaks for Cu2+ 
were de-convoluted to estimate Cu+ contents and it was found that higher loading 
catalysts (10Cu-TNR and 12.5Cu-TNR) had 3% Cu+ while 7.5Cu-TNR catalyst showed 
10% Cu+. The Cu+ is reported to be more active than Cu2+ and the presence of Cu+ also 
influenced the interfacial active sites. 
Fischer-Tropsch synthesis (FTS) is one of the promising routes to produce value-added 
products including hydrocarbons and oxygenates. The final chapter of the thesis was 
aimed at the proof of concept for the FTS reaction using Cu promoted Co/TNR 
catalysts. The promoters are added in the catalysts to enhance the activity and/or 
selectivity of the catalysts during reaction. The Cu addition to Co/TNR catalysts was 
predicted to influence the product selectivity. The catalyst characterization results 
revealed that Cu addition affected the CO and H2 chemisorption of Cu promoted 
Co/TNR catalysts in comparison with base Co/TNR catalyst. The metal-support 
interaction was also influenced by the addition of Cu. Cu was added in the amount 
ranging from 1.5 to 6 wt% and catalytic activity results showed that addition of 1.5 wt% 
Cu exhibited CO conversion of 16.8% as compared with 9% CO conversion shown by 
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Co/TNR. As predicted, Cu promoter influenced the product selectivity and more 
oxygenates were produced over Cu promoted catalysts. 
In conclusion this thesis was aimed to mainly study the role of the structure and the 
interface which was successfully investigated. This thesis provides an insight for the 
readers from the perspective of the real-time reaction study of copper nanoclusters and 
detailed investigation of the role of catalytically active interfaces between copper 
nanoparticles and titania nanorods. 
7.2 Recommendations for future work 
Based on the findings of this research work, we would like to suggest some 
recommendations to further extend this research in future: 
 Copper nanoclusters are more prone to sintering and deactivation when 
anchored over common oxide supports. Therefore, we recommend to 
encapsulate these nanoclusters inside porous support such as zeolite. The 
encapsulation offers some promising advantages such as control over particle 
size growth, prohibition of metal poisoning by manipulating the pore size and 
obviously enhanced long term activity. 
 The detailed study of mixture of nanoparticles and nanotubes during the 
calcination of post hydrothermal nanotubes is worth investigating to explore 
how these mixtures and titania phase can influence the catalytic activity. 
 The intrinsic structural features of the catalyst play significant role during 
reaction. The investigation of the contribution of steps and kinks during the CO 
oxidation reaction is recommended. 
 The catalytic activity tests can be further extended to investigate the selectivity 
of liquid products during the FTS process and the catalyst composition or 






Materials and chemicals 
All materials were used without further purification. Cupric acetate (purity = 99.99%; 
M.W = 199.65) was purchased from Hopkin and Williams® UK, TiO2-P25 was 
purchased from Degussa® Germany, sodium hydroxide pellets (purity = 97%; M.W = 
40) and sodium carbonate (purity = 99.5%; M.W = 105.99) were purchased from 
Thermo Fisher Scientific® New Zealand, cobalt acetate (purity = 99.99%; M.W = 177) 




Reactor, GC parameters and calibration 
The high pressure fixed bed reactor (FlowCAT by HEL® UK) equipped with 2 mass 
flow controllers (MFCs), a liquid pump, back pressure regulator and thermocouple was 
used for testing the FTS process while CO oxidation was tested in a customized fixed 
bed reactor. Figure A1 shows the schematic diagram of FlowCAT. SRI 8610C Gas 
Chromatograph (GC) was used for this work. The GC was equipped with thermal 
conductivity detector (TCD) and flame ionization detector (FID). Two columns are 
installed i.e., 6’ haysep-D and 6’ molecular sieve 13x. Molecular sieve 13x column 
separates the permanent gases including hydrogen, air, CO, CH4, while heavy 
hydrocarbons including CO2, ethylene and ethane get separated in hayesep-D column. 
The GC parameters and settings are given in Table A1. 
Table A1 GC parameters and settings for CO oxidation and reduction 
Parameter Settings 
TCD carrier gas  Argon 
22 psi using electronic pressure 
controller (ECP) corresponds to 20 
ml/min 
FID + Methanizer 
gases 
Hydrogen 
20 psi using ECP corresponds to 25 
ml/min 
Air 
5 psi using ECP corresponds to 5 
ml/min 






Gain High (filtered) 
 
The GC calibration is carried out using standard gas customized mixture purchased 
from BOC Limited and gas mixture composition is presented in Table A2. In order to 
calibrate hydrogen over a range of concentrations (in volume %), pure hydrogen was 
added to the standard gas mixture while argon (99.999% purity, Zero Grade) was used 




Table A2 Composition of standard gas mixture and corresponding retention times 
Gas Volume ratio (%) Uncertainty (±%) 
Retention time / 
min (TCD based) 
H2 25 0.02 0.74 
CO 34 0.03 1.16 
CH4 13 0.03 1.25 
CO2 19 0.02 1.65 
C2H4 4 0.03 3.03 
C2H6 1 0.03 4.37 








Synthesis of hexameric copper nanoclusters 
𝐶𝑢(𝐼)𝐶𝑙 
𝑃𝑃ℎ3,   𝑇𝐻𝐹,   𝑅𝑇
→           [(𝑃𝑃ℎ3)3(𝐶𝑢𝐶𝑙)2]  
𝐾−𝑆𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑑𝑒,   𝑇𝐻𝐹,   𝑅𝑇
→                   [(𝑃𝑃ℎ3)𝐶𝑢𝐻]6 
Copper(I)chloride (0.5 g, 0.005 mmol) and triphenylphosphine (1.3 g, 0.005 mol) were 
put in a Schlenk flask and subsequently THF (10 mL) was added. Upon stirring for 30 
min a white precipitate formed. While cooling the reaction mixture in an ice bath and 
stirring it continuously K-Selectride (5 mL of 1.0 M in THF, 0.005 mol) was added 
slowly through syringe. The mixture turned dark red. The ice bath was removed and 
the mixture was stirred for one hour. The resulting dark red solution was filtered and 
washed with THF (2 × 5 mL). Under vacuum the filtrate was reduced to 50 % of its 
initial volume and stored in the freezer for several days. After 24 hours the product 
started to crystallize as dark red plates (yield: 62 %).  
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